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ABSTRACT 

Stellar wind-emission features in the spectrum of eta Carinae have decreased 
by factors of 1.5-3 relative to the continuum within the last 10 years. We inves- 
p f tigate a large data set from several instruments (STIS, GMOS, UVES) obtained 

between 1998 and 2011 and we analyze the progression of spectral changes in 
the direct view of the star, in the reflected polar-on spectra at F0S4, and at the 
Weigelt knots. We find that the spectral changes occurred gradually on a time 
scale of about 10 years and that they are dependent on the viewing angle. The 
line strengths declined most in our direct view of the star. About a decade ago, 
broad stellar wind-emission features were much stronger in our line-of-sight view 
of the star than at F0S4. After the 2009 event, the wind-emission line strengths 
are now very similar at both locations. High-excitation He I and N II absorption 
lines in direct view of the star strengthened gradually. The terminal velocity of 
Balmer P Cyg absorption lines now appears to be less latitude-dependent and 
the absorption strength may have weakened at F0S4. Latitude-dependent alter- 
ations in the mass-loss rate and the ionization structure of eta Carinae's wind 
are likely explanations for the observed spectral changes. 

Subject headings: circumstellar matter - stars: emission-line, Be - stars: individual 
(Eta Carinae) - stars: variables: general - stars: winds, outflows 
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1. INTRODUCTION 

Eta Carinae, one of the most massive 
and most luminous stars in our Galaxy, 
is famous for its Great Eruption about 
170 years ago. Its recovery has been un- 
steady with unexplained photometric and 
spectral changes in the 1890s and 1940s 
(IHumphreys et al.l I2008L and references 
therein). The spectral changes described 
in this paper may represent another rapid 
step in f] Car's recovery from its Great 
Eruption. 

Eta Car has a complex spectroscopic cy- 
cle, most likely regulated by a companion 



Daminelil Il996l : IPamineh et al.l |2008b|). 

The events are characterized by drastic 
changes in t] Car's spectrum and photom- 
etry, e.g., high-excitation emissi on lines 



disappear for a few mon ths (e.g., iGaviola 



19531 : IZanella et al.lll984j ) and light curves 



at all wavelength regions show sign i ficant 
variations (e.g ., IWhitelock et al. 
Corcoran et al. 19971 : Feast et al. 



van Genderen et al 



1994 



2001 



20061: iFernandez-Laius et al 



20091 : iMartin fc Koppelmanll2004f ) 



In a previous paper ( iMehner et al. 



2010bl ) we compared spectra at corre- 



star in an eccentric orbit flDamineli et al. 



2005 



sponding phases of successive spectro- 
scopic cycles and found dramatic changes 
in observations after the 2009 event Ma- 



1223, and manv references in|Humphreys fc Stane^^ stellar- wind emission features in the 



and Davidson fc Humphreysl 20121 ). 



So-called spectroscopic events occur every 



5.54 years since 1948 flFeast et all 12001 
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spectrum of rj Car had decreased by factors 
of order 2 relative to the continuum within 
10 years and helium P Cyg absorption had 
become stronger. Most of the broad emis- 
sion lines in rj Car's spectrum originate in 
the primary star's wind, see many paper s 
and refs. in [Humphreys fc Stanekl ( l2005l ). 
and the simplest explanation for the ob- 
served spectral changes is a decrease in 
7] Car's wind density, by a factor of 2 or 
more. The early exit from t] Car's 2009 
X-ray minimum and the observed decrease 
of the 2-10 keV photons over the last two 
cycles are consistent with this interpreta- 
tion ( Kashi fc Sokeil 20091: Corcoran et al. 



2010 



Mehner et al. 



2011bf l. 



In this paper we analyze spectra ob- 
tained between 1998 and 2011 with several 



1 We define "phase" by P = 2023.0 days 
and to = MJD 50814.0 = J1998.00, consistent 
with the Eta Carinae Treasury Program Archive 



(http://etacar.umn.edu/|). Phases 0.00, 1.00, and 
2.00 mark the 1998.07^03.5, and 2009.0 spectro- 
scopic events. 
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instruments to investigate in detail spec- 
tral changes in t] Car's wind. We are not 
concerned here with the temporary spec- 
tral changes observed during the events - 
the spectral cha nges discussed are of sec- 
ular nature. In iMehner et al.l (j2010bl ) we 
noted only a few examples; here we explore 
a wider range of effects, and whether or not 
they have developed gradually as opposed 
to sporadically. Section |2] describes the ob- 
servations. In Secti on [3] we confirn i the ob- 
servations made by iMehner et al.l (l2010b( ) 
and show that the broad stellar wind fea- 
tures were still weak in HST STIS data 
obtained several months after our initial 
discovery in 2010 March data. The tem- 
poral progression of spectral changes and 
the dependence on the viewing direction 
is discussed. High-excitation emission and 
continuum from the nearby Weigelt knots, 
which are thought to be photoionized by a 
hot companion star, reveal additional in- 
formation. In Section m we discuss the im- 
plications of these observations and esti- 
mate the decrease in mass-loss rate over 
the last 10 years. In Section [5] we give a 
short summary. 



2. OBSERVATIONS AND DATA 
REDUCTION 

To investigate the long-term recovery 
of rj Car from its Great Eruption, we 
need quantitative spectra with consistent 
instrument characteristics, sampled over 
several years. Unfortunately, no suit- 
able data set exists prior to the Hub- 
ble Space Telescope (HST) observations. 
HST Space Telescope Imaging Spectro- 
graph (STIS) observations in 1998-2004 
and then again in 2009-2010 provide a 
consistent data set over a long time base- 



line. However, the STIS instrument was 
not available in 2004-2009, and the posi- 
tion F0S4 in the southeast (SE) lobe of 
the Homunculus, 4'.'5 from the star, which 
shows the reflected pole-on spectrum was 
rarely observed with STIS. We therefore 
supplemented the STIS observations with 
ground-based data from the Very Large 
Telescope Ultraviolet and Visual Echelle 
Spectrograph {VLT UVES), the Gemini- 
South Gemini Multi-Object Spectrograph 
{Gemmi CMOS), the Magellan U Mag- 
ellan Inamori Kyocera Echelle [Magellan 
U MIKE), the Irenee du Pont Boiler & 
Chivens Spectrograph {Irenee du Pont 
B&C), and the 1.5 m Cerro Tololo In- 
teramerican Observatory Ritchey-Chretien 
Spectrograph {1.5 m CTIO RC). 

HST STIS/CCD spectra obtained with 
the 52"x0'.'l slit in combination with 
the G230MB, G430M, and G750M grat- 
ings covered the wavelength region from 
AA1700-10,000 A with spectral resolution 
R ~ 5000-10,000. The observations in- 
clude a variety of slit positions and orienta- 
tions covering the entire Homunculus neb- 
ula, with a concentration at position an- 
gles 302° and 332° where the star and the 
nearby ejecta, called Weigelt knots B, C, 
and D, fall within the slit. The STIS data 
were reduced with improved reduction 
techniques that were developed f or the Eta 
Carinae HST Treasury Program (IDavidson 
2006h PI We extracted one- dimensional 



spectra with a sampling width of 0'.'13 us- 



2 The reduced HST STIS/CCD data can be down- 
loaded from the Eta Carinae Treasury Project 
pubhc archive at http://etacar.umn.edu/. The 
reduction includes several improvements over the 
normal STScI pipeline and standard CALSTIS re- 
duction. Detailed information on the reduction 
procedures can be found on the website. 
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ing a mesa function (IMartin et al.l l2006a( ) 
at positions which were observed regularly; 
the central star and the Weigelt knots C 
and D. 

Gemini GMOS spectra of the central 
object and F0S4 obtained in 2007-2010 
provide valuable supplemental and inde- 
pendent information. In most cases, we 
used the B1200 line grating at three tilt 
angles to cover the spectrum from AA3700- 
7500 A. A O'.'5-wide slit, oriented with a po- 
sition angle of 160°, was placed at different 
positions covering the star and F0S4. The 
resolving power was R ~ 3000-6000. The 
data reduction was done using the stan- 
dard GMOS data reduction pipeline in the 
Gemini IRAF package. The spectra were 
extracted using a mesa function 11 by 7 
pixels wide, about O'.'S by O'.'S. The seeing 
was roughly 0'.'5-l'.'5, so each GMOS spec- 
trum discussed represents a region about 
1" across. The spectra were rectified using 
a LOESS fiti 

Unfortunately, the observations with 
Gemini GMOS do not cover an entire spec- 
troscopic cycle. Also, the important Ha 
emission is so bright in rj Car that it satu- 
rates the detector pixels even in the short- 
est available GMOS exposures centered on 
the star. We therefore used observations 
obtained with the VLT UVES instrument 
to examine in particular Ha from 2002 to 
2009. The UVES observations are also 
extremely valuable because no other in- 
strument covered the location at F0S4 



For more information on the Gemini GMOS data 
and reduction procedures see the Technical Memo 
14 at the Eta Carinae Treasury Project Website 



(http://etacar.umn.edu/treasury/techmemos/pdf/ 



tmemo0 14.pd f ). [ Martin et al 
iMehner et al.l 120 im 



y/tecnmem 

] (HqTS), 



consistently over such an extended time 
period. Eta Car was observed with UVES 
in the wavelength range from AA3000-8500 
A using 0'.'3 and O'.'4-wide slits. The slits 
were oriented with constant slit position 
angle of 160° and placed at two different 
positions covering the star and F0S4. The 
resolving power was R ~ 80,000-110,000. 
The data were reduced with the standard 
UVES pipeline available from ESOfl Spec- 
tra were extracted using a mesa function 3 
by 2 pixels wide, about 0'.'75 by O'.'S. The 
seeing was mostly between O'.'S to I'.'S, with 
an average seeing of O'.'S. 

The spatial resolution of the Gemini 
GMOS and VLT UVES observations, lim- 
ited by atmospheric seeing, is greatly in- 
ferior to HST STIS spectra with spatial 
resolution better than 0'.'2. In ground- 
based observations, the inner ejecta are 
unavoidably mixed with the spectrum of 
the star, and include the Weigelt knots 0'.'3 
northwest of the star. Fortunately, the 
slow-moving inner ejecta produce narrow 
emission lines which are distinguishable 
from the broad stellar wind lines. Typi- 
cal widths are of the order of 20 and 400 
km s~^, respectively. At the wavelength 
region near A4600 A, which is of interest 
in our analysis, the spectral resolution is 
about 40 km s~^ for STIS, roughly 7S km 
s~^ for GMOS, and the UVES spectra have 
a spectral resolution better than S km s~^. 
Narrow lines are therefore more blurred in 
the GMOS data while broad stellar wind 
features and their P Cyg absorption com- 
ponents are well resolved by all three in- 
struments. 



and 



^ The reduced UVES observations can be down- 
loaded from the Eta Carinae Treasury Project 



Website at http://etacar.umn.edu/ 
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However, forbidden emission lines have 
an extended cor nponent at ^ 0^-^2 f rom the 
central source (IHillier et al.l 120061 ) . The 
blue emission with velocities of —200 to 
—400 km s~^ is located elongated along 
the NE-SW axis southwards of the central 



source ( Mehner et al.l l2010al : iGuU et al. 



20111). The redshifted emission with veloc- 



-1 ir 



ities of +100 to +200 km s " is more asym- 
metric and extends towards the north- 



northwest (IGuU et al.l l201l[ ). These com- 
ponents are excluded in narrow extractions 
of the star in STIS observations but not in 
ground-based data which sample the inner 
~ 1" region. The broad stellar wind fea- 
tures near A4600 A, discussed in Section 
|3l normally include several forbidden lines 
and it is therefore non-trivial to compare 
HST with ground-based observations, see 
Section 13.11 

In 2010 June we obtained observations 
with Magellan II MIKE, covering a wave- 
length region between AA3200-10,000 A. A 
1" sht was used which resulted in spectral 
resolutions R - 22,000-28,000, or about 
10 km s~ near A4600 A. The data were 
reduced with standard IRAF tasks and 
one-dimensional spectra corresponding to 
about 1" on the sky were extracted. 

In 2011 February, June, and Decem- 
ber we also obtained spectra of rj Car and 
the F0S4 position with the B&C spectro- 
graph at the Irenee du Pont telescope at 
Las Campanas Observatory. A 1" slit was 
used with the 1200/4000 grating centered 
at A4500 A and the 1200/5000 grating cen- 
tered at A6000 A, covering the wavelength 
range AA3700-6700 A. The spectral reso- 
lution was R ~ 2000-4000, or about 100 
km s~^ at A4600 A. The seeing varied be- 
tween 1-2". The data were reduced using 



standard IRAF tasks and spectra were ex- 
tracted using a mesa function with peak 
width of 2 pixels and base width of 4 pix- 
els, corresponding to 1'.'4 and 2'.'8. 

We obtained low resolution spectra with 
the RC spectrograph on the SMARTS 1.5 
m CTIO telescope in 2004-2012. A 2" 
slit and grating #47 was used to cover 
the wavelength range AA5650-6970 A with 
spectral resolution R ~ 2000. A 2" slit 
and grating 7^26 covered the wavelength 
range AA3660-5440 A with spectral reso- 
lution R ~ 1100. The data were reduced 
using standard procedures. Spectra are ex- 
tracted by fitting a Gaussian plus a linear 
background at each column and represent 
a region of ~ 2" on the sky. 

We also used HST STIS/MAMA ob- 
servations of the central star with grat- 
ing E140M and slit width of 0'.'2, obtained 
between 2000 March and 2004 March, to 
investigate rj Car's terminal wind veloc- 
ity during the 2003.5 event using the Si II 
A 152 7 UV resonance linejf] The spectral 
resolution is i? ~ 100, 000. We extracted 
spectra using a mesa function, correspond- 
ing to ^'13. 

Throughout this paper we quote vac- 
uum wavelengths and heliocentric Doppler 
velocities. 

3. SPECTRAL CHANGES IN ETA 
CAR'S BROAD WIND-EMISSION 
FEATURES 



In iMehner et al.l (l2010bl ) we reported 
dramatic changes in the broad wind- 
emission features of the central source 



^The reduced HST STIS/MAMA data can be 
downloaded from the Eta Carinae HST Treasury 



website at http://etacar.umn.edu/ 
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in T] Car. We compared spectra at cor- 
responding phases of successive cycles 
(phases 0.04 vs. 1.03, 1.12 vs. 2.10, 
and 0.21 vs. 2.20) and showed that the 
broad wind-emission features were consid- 
erably weaker in data obtained after the 
2009 event, i.e., after phase 2.00, and that 
the He I absorption had become unusually 
strong. Observations with HST STIS ob- 
tained at phase 2.28 confirm these spectral 
changes, see Figure [H The Figure shows 
spectral tracings of stellar wind features 
near A4600 A, Ha, and He I A6680. In ad- 
dition to the tracings at phases 0.21 (1999 
February, ~ 400 days after the 1998 event) 
and 2.20 (2010 March 3, ~ 400 days after 
th e 2009 event), which we re already shown 



m 



Mehner et al.l (j2010bl ). the Figure in 



eludes observations at phase 2.28 (2010 
August 20, ~ 570 days after the 2009 
event). Between phases 2.21 and 2.28, the 
binary separation presumably increased by 
~ 14% while the orbital longitude changed 
by about ~ 5°. STIS observations in 2010 
October (phase 2.31) did not cover Ha and 
He I A6680 but sampled the broad wind 
features around A4600 A. 

Figure [1^ shows broad Fe II, [Fe II], 
Cr II, and [Cr II] emission blends near 
A4600 A which had decreased by a factor 
of 2-4 at phase 2.20 compared to phase 
0.21. The strengths of the broad stellar 
wind features at phase 2.28 are compara- 
ble to the observations at phase 2.20. STIS 
observations at phase 2.31 confirm further 
the secular nature of the weakened emis- 
sion strengths, see Table [TJ 

Figure [Do confirms that the profile of Ha 
is altered and weakened in the recent STIS 
data. The narrow Ha absorption near 
—144 km s~^ seen in the tracing at phase 



0.21 indicates unusual nebular physics 
far outside the wind ([Johansson et al. 



2005[). This feature had weakened by 2007, 
reappeared during the 2009.0 event, but 



(Ruiz et al. 


1984 




Davidson et al. 


1999b. 


2005; 


Martin et al. 


2010: Richardson et al. 



|2010[ ). It is still absent in spectra obtained 
in 2011 December with Irenee du Pont 
B&C The Ha profile at phase 2.28 is very 
similar to the one at phase 2.20 but shows 
an additional small blue emission feature 
on top. This component probably indi- 
cates the same or adjoining material as 
observed in th e shifting He I and N II 



emission lines ( iMehner et al.[[2011al com 



pare also with Figure Ic). Note that well 
after the 2009 event. Ha showed no signs of 
resuming what had once been its "normal" 
appearance. 

High-excitation He I emission did not 
weaken along with the features noted 
above, but the He I P Cyg absorption 
greatly strengthened after the 2009 event. 
In observations at phase 2.28 the absorp- 
tion is still strong, see Figure STIS 
observation of He I A4714 in 2010 Octo- 
ber indicate that the helium absorption 
strengths may have even increased further 
compared to the 2010 August observations. 
He I emission and absorption lines shift 
to bluer wavelengths throughout t] Car's 
spectroscopic cycle, compare tracings at 
pha ses 2.20 and 2.28 i n th e Figure (se e 



also Nielsen et al. 2007 and Mehner et al. 



2011b[ ). 

Overall, we find that observations ob- 
tained in 2010 August (phase 2.28) com- 
pare well with observations obtained in 
2010 March (phase 2.20); the wind did not 
change substantially in-between these ob- 
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servations. This is further confirmed by 
the analysis of the few spectral features ob- 
served in 2010 October (phase 2.31). The 
spectral change since 2004 is thus not sim- 
ply a peculiarity or aftermath of the 2009 
event, but probably represents a significant 
secular development in t] Car's wind. We 
discuss the long-term nature of the spec- 
tral changes and their implications in the 
next sections. 

3.1. The Secular Character of the 
Spectral Changes 

Spectral changes suc h as those found 
by iMehner et al.l ( l2010bl ) were expected in 
the long-term recovery of ry Car but it 
was generally assumed that they would oc- 
cur much more slowly. The qualitative 
ground-based record from 1900 to 1990 
showed no similar spectral changes in the 
broad wind-emission lin es (excluding the 



event s; see many refs. in [Humphreys et al. 



20081). During 1991-2004, HST Faint Ob- 
ject Spectrograph (FOS) and STIS spec- 
tra showed no obvious secular change in 
Tj Car's stellar w i nd spec trum. Figure la 



m iMehner et al.l ( l2010bl ). illustrates the 
similarity of the broad wind features in 
two successive cycles before 2004 at phases 
0.04 and 1.03. The 2009-2010 STIS data, 
however, revealed the weakest broad-line 
spectrum ever seen in modern observa- 
tions of 1] Car, relative to the underlying 
continuum. Low-excitation emission from 
the stellar wind became far less promi- 
nent on a time scale of only several years. 
We suggest that a decrease of t] Car's 
mass-loss rate is the rnost pr obable ex- 
planation (IMehner et al.ll2010bl ). A prece- 
dent may have been the appearance of the 
high-excitation lines in the 1940s, probably 



also due to a change in the wind density 
( iHumphreys et al.ll2008l ). 

To determine whether t] Car's spectrum 
changed only after - and result of - the 
2009 event, or if, alternatively, the changes 
are of a more progressive nature, we in- 
vestigated spectra obtained since 1998 
with several instruments. The equivalent 
widths of two Fe II/ Cr II blends near A4600 
A in data from 1998-2012 are listed in Ta- 
ble [U Ground-based observations, mainly 
with CMOS and UVES, fill in valuable 
data points during the years when STIS 
was unavailable, but they sample a wider 
region around the star and contain signif- 
icant contributions from ejecta far outside 
the stellar wind and from the broad ex- 
tended emission component of forbidden 
lines, such as [Fe II] and [Fe III], men- 
tioned in Section |2i This results in very 
different equivalent width values for some 
broad wind features. Fortunately, several 
CMOS and UVES observations were ob- 
tained close to STIS observations, so we 
can correct for this effect as outlined be- 
low. 

For example, on 2009 June 30 the 
equivalent width of the AA4570-4600 A 
feature in STIS data was EW{XX4:570- 
4600,STIS) = 3.42±0.27 A. In UVES spec- 
tra on 2009 June 30 the equivalent width 
is E1^(AA4570-4600,STIS) = 5.67 ± 0.38 
A, a factor of 1.7 larger. Twenty four days 
later, on 2009 July 23, in CMOS spectra 
the equivalent width was EW{XX4570- 
4600,GMOS) = 6.50 ± 0.31 A, a factor 
of 1.9 larger. Similarly, measurements for 
the blend at AA4614-4648 A are 1.6 times 
larger in UVES and 1.8 times larger in 
CMOS spectra when compared to STIS 
spectra, see Table [H UVES and CMOS 
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observations overlap during the years 2008 
and 2009 and we consistently find some- 
what smaller equivalent widths in UVES 
spectra compared to GMOS spectra, prob- 
ably due to their better spatial resolu- 
tion. We use the 2009 June STIS data set, 
which mapped the inner 1" region with 
slit offsets of O'.'l, to simulate a ground- 
based spectrum with a spatial sampling 
of 0'.'65 by summing up the flux from the 
different slits. The equivalent widths from 
the simulated ground-based spectrum are; 
Eiy(AA4570-4600,STIS,0.65") ^ 6.2 A 
and Eiy(AA4614-4648,STIS,0.65") ^ 5.3 
A. Those values agree well with the val- 
ues obtained with UVES on the same day 
and the ones obtained about one month 
later with GMOS. The larger values found 
in ground-based data are therefore due to 
their larger spatial sampling. 

To compare the equivalent widths of the 
broad stellar wind features from different 
data sets, we adjust the values from the 
ground-based data using correction factors 
so that they are consistent with the values 
obtained from the STIS data in 2009. This 
approach may be questionable because 1) 
the inner and outer regions might not be- 
have similar and 2) the 2009 data used to 
find the correction factors is very close to 
the 2009 event. However, our method is 
justified because following this procedure 
we find that the UVES values in 2002 to 
2004 then also overlap with the STIS val- 
ues during those years. We therefore ac- 
count for the different spatial sampling of 
our ground-based data vs. the HST data 
by applying correction factors, see Figure 
|2] (applied factors are given in the Figure 
caption) . 

We find that the broad wind-emission 



features near A4600 A decreased gradually 
by a factor of 2-3 over the last decade. Ad- 
ditional data sets, in particular the 1.5 m 
CTIO RC data, agree with this result, see 
Table [1] Neglecting observations close to 
7] Car's spectroscopic events, near phases 
1.0 and 2.0, when other factors dominate, 
the decline appears to be almost linear. 

We also monitored the Ha and B.6 
equivalent widths in observations since 
1998, see Table [2] and Figure El HST STIS 
observations provide coverage over ~ 12 
yr. In addition we analyzed data from the 
VLT UVES, Gemmi GMOS, Magellan II 
MIKE, Irenee du Pont B&C, and 1.5 m 
CTIO RC spectrographs. Ha equivalent 
width measurements during the 2009 event 
with the 1.5 m CTIO RC and Echelle spec- 



trogra phs retrieved from iRichardson et al. 



( 120101 ) are also shown in the Figure. Un- 
fortunately, Ha could not be observed in 
direct view of the star with Cemini GMOS 
because the line is too bright even for the 
shortest allowed exposure times. No "cor- 
rection" for different instruments as de- 
scribed above for the Fe Il/Cr II blends 
is needed, since the total observed Ha is 
dominated by the stellar wind contribution 
even in ground-based data. 

Figure [3] shows a subtle long-term 
trend to smaller Ha and H5 emission line 
strengths by a factor of ~ 1.5 over the last 
decade, but the decline appears to be more 
pronounced after the 2009 event. Between 
1998 and 2003 (phases 0-1) the strengths 
of Balmer emission remained within ±15% 
of their median value. During the 2003.5 
event. Ha and H5 declined in ~ 120 days. 
Ha then recovered in ~ 200 days and H(5 
faster in ~ 120 days. The 2009 event ap- 
peared, at first, to proceed similar to the 
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previous event; the line strengths plum- 
meted to a minimum in ~ 120 days. How- 
ever, the minimum in 2009 was deeper than 
during the previous event and the emis- 
sion did not recover to former strengths 
afterwards. A related note: Photome- 
try at UV to visual wavelengths during 
the 2009 event also showed deeper min- 



ous events ( 


Fernandez-Laius et al. 


I2OIO: 


Mehner et al 




2011bl). 


Davidson et al. 


(2005 


) had already reported significant dif- 



ferences in the hydrogen line profiles be- 
tween the 1998 and 2003.5 events; each 
event is distinct. Outside the events, if we 
view only the data near phase ~ 0.25 of 
each cycle, then Figure [3] shows a linear 
trend somewhat like Figure El The grad- 
ual decrease of broad stellar wind-emission 
such as the Fe Il/Cr II blends and hy- 
drogen emission may represent a drop in 
r) Car's mass-loss rate. 



Teodoro et al.l (120121 ) found no change 
in B.S line strength at phase ~ 0.3 in four 
consecutive cycles from 1994 to 2010. They 
argued that B.6 is a better tracer of t] Car's 
wind than, e.g.. Ha since it originates deep 
inside the primary's wind and is therefore 
less affected by the wind-wind collision re- 
gion. Finding no changes in the B.6 pro- 
files they concluded that no changes oc- 
cured in r] Car's mas s loss rate but t hat the 
changes reported by iMehner et al.l (l2010bl ) 
were likely due to fluctuations in the wind- 
wind collision zone. However, Teodoro et 
al. only compared line profiles at one given 
phase and from two different data sets with 
inferior data quality than the data used 
in our analysis. Figure I3l shows that the 
trend described here is subtle and that in- 
dividual measurements can fluctuate by up 



to ~ 15% within days. To investigate the 
longterm trend a consistent measurement 
over the last decade as presented here is 
needed. 

Hydrogen P Cyg absorption in our di- 
rect line of view is basically absent during 
rj Car's normal state, but strong P Cyg 
absorption develops for several rnonths 
during the events ( jSmith et al.l l2003l ). 



and was observed during the 2009 event 
(jPichardson et al.ll201ol : lMehner et allboilbl ) 
Unfortunately, we were unable to obtain 
unsaturated Ha profiles during the last 
event, but we did monitor B.6 with CMOS. 
Before 2009 January only very weak B6 P 
Cyg absorption was observed. Strong ab- 
sorption appeared suddenly between 2009 
January 4 and 2009 January 9. In 2009 Au- 
gust STIS data the Ha P Cyg absorption 
was absent but CMOS data still showed 
weak B6 P Cyg absorption in 2010 Jan- 
uary. 

Basic circumstances hamper the inter- 
pretation of 7] Car's Balmer absorption 
lines. Presumably they occur in zones 
where hydrogen is mostly ionized, since the 
associated emission lines are very strong 
and excitation to the n = 2 level is dif- 
ficult in H° regions. Therefore they de- 



pend on the ratio n{H^ 



n 



which is small and sensitive to various ef- 
fects that are hard to quantify for a com- 
plex asymmetric wind. Thus we cannot 
safely assume that a Balmer absorption 
strength is well correlated with gas den- 
sity, for instance. These difficulties have 
led to a major inter pretational d is agree 
me nt between, e.g., 
and lRichardson et al.l ( 
below. 

The terminal velocity of B6 P Cyg ab- 



Smith et al.l (|2003|) 



2010[ l. as mentioned 
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sorption was 



-550 km s ^ at all 



stellar latitudes in pre-event 2008 Gemini 
GMOS data (see Section 5 in lMehner et al.l 
2011bl ). During the event, the terminal 



velocity of hydrogen absorption lines in- 
creased in our direct li ne-of-sight to about 



Voo ~ -900 km s-^ ISmith et all (120031 ) 
also found increasing terminal velocities of 
Balmer P Cyg absorption lines at moder- 
ate latitudes during the 1998 event. How- 
ever, this does not necessarily imply that 
the velocity structure of t] Car's wind 
changed. UV resonance lines are better 
suited to determine wind terminal veloc- 
ities than Balmer lines. Unfortunately, 
no UV data were obtained during the 
2009 event but HST STIS/MAMA cov- 
ered 7] Car from 2000 to 2004. Figure H 
compares Si II A1527 in spectra of the star 
in our direct line-of-sight showing a con- 
stant terminal velocity of 7] Car's equato- 
rial wind of foo ~ —600 km s~^|^ Only at 
phase 1.033 a higher wind velocity might 
be possible, but the spectrum shortward 
of —600 km s~^ can also be explained by 
the general weakening of emission lines, 
visible in this same spectral region, during 
the event. The terminal velocity found in 
1978 lUE data w as comparable at —60 
to -700 km s"^ flCassatella et al.l Il979h . 



The appearance of hydrogen absorption 
lines in our line-of-sight to t] Car and the 
increase of their terminal velocity may 
therefore result from changes in the ion- 
ization structure of t] Car's wind modu- 



^The constant terminal velocity of Si II A1527 may 
first be seen as an argument against a decreasing 
mass loss rate. However, the available UV data 
span only about 4 years from 2000 to 2004 (phases 
0.4-1.1) and Figures [2] and [3] show no significant 
changes in the emission strengths of broad stellar 
wind features during this same time period. 



l ated by the secondary s tar's UV radiation 

or a wind cav- 
and not from a 



flRichardson et al 



ity (IMadura et al. 



2010) 



20111) 



change i n the mass-loss str ucture as pro- 
posed by ISmith et al.l (120031 ) . 

Helium emission and absorption pro- 
cesses in 7] Car's wind depend on the com- 
panion star and have ot her special charac- 



teristi cs, see Section 6 of iHumphreys et al. 
(120081 ). Similar to the case of a photoion- 



ized nebula, the amount of He I emis- 
sion depends mainly on the hot compan- 
ion star's helium-ionizing photon output 
{hv > 25 eV), with only weak depen- 
dences on the location of the recombin- 
ing He"*", gas density, and other details. 
Therefore it is not surprising that the he- 
lium emission lines behave differently from 
the lower-excitation features. The equiv- 
alent widths of He I emission lines re- 
mained constant from cycle to cycle. How- 
ever, after the 2009 event, the He I P Cyg 
absorption strength had gre atly increased 



compa re d to previous cycles (iMehner et al. 



2010bf ). iGroh fc Daminelil (120041 ) had al 



ready noted increasing He I A6680 P Cyg 
absorption from 1992 to 2003. STIS obser- 
vations since 1998 show that He I absorp- 
tion in spectra in direct view of the central 
source was very weak shortly after the 1998 
event, but increased until 2003. During the 
2003.5 event, the absorption vanished, but 
reappeared shortly after. GMOS observa- 
tions, starting in 2007 about 600 days be- 
fore the 2009 event, show that the absorp- 
tion increased further. It then again disap- 
peared during the 2009 event but became 
very strong by mid-2009. Overall, the He I 
absorption strengths increased since 1998, 
only interrupted by episodes close to the 
events when the absorption disappeared 
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for a few months. The same behavior is 
also observed for the N II AA5668-5712 se- 



ries, discussed in iMehner et ahl (j2011al ). 

Changes in 77 Car's mass-loss rate help 
to explain these observations, because a 
lower wind density automatically implies 
larger photoionized zones. Since the ob- 
served He I absorption lines arise from 
highly excited levels, they are indirect con- 
sequence s of recombination in He^ z ones, 
not He° (jOsterbrock fc Ferlandll2006l ): and 
the He^ gas is probably more extended 
than it was 10 years ago. Two plausible 
locations have been suggested, as sketched 
in Figure [5l 

1. One is the shocked collid ing-wind re- 
gion, zone 3 in the figure (IHumphreys et 
20081 : IPamineh et aD l2008ah . Most 



al. 



of the volume there has He"'""'" at 
T > 10^ K, but small cooled con- 
densations also exist (see below). If 
they intercept most of the secondary 
star's helium-ionizing photons, then 
they contain the relevant He"'" gas, 
and zone 2 in Figure |5] shrinks to 
negligible thickness. In this case a 
change in the shocked zone, e.g., an 
increased opening angle, may explain 
the increasing He I P Cyg absorption 
( iGroh et al.l l2010bl ). In our view, 
the most likely reason for this to 
occur is a decrease in the primary 
wind outflow. This would move the 
shocked region closer to the primary 
star while broadening its opening an- 
gle - thus tending to increase the 
range of directions where a line of 
sight intersects appreciable He"'". 

2. On the other hand, as we explain 
below, the parameters strongly sug- 



gest that many of the secondary 
star's ionizing photons pass between 
the small shocked-and-cooled con- 
densations, penetrate into the pri- 
mary wind, and form zone 2 in Fig- 
ure [5l As the figure shows, this 
region becomes dramatically larger 
if the primary wind density de- 
creases by a factor of threelH The 
upper panel of the figure repre- 
sents a dense wind, arguably like 
1] Car's state before 2004. In that 
case, most geometric rays from the 
primary star do not intersect any 
He^ gas. With the orbit orienta- 



Okazaki et al. 


2008 




Parkin et al. 


2009: 


Madura et al. 


2012), our line 



of sight to the primary star would 
pass through the quasi-hyperboloidal 
He+ zone only for a limited time near 
conjunction, 3-11 months before pe- 
riastron - depending of course on the 
orbit orientation and the shock-front 
opening angle. At other times, there 
would be little or no He"'" along the 
line of sight. (The same statement 
applies to the shocked colliding-wind 
zone.) The lower panel of Figure El 



Figure [5] is only a sketch and the parame- 
ters are poorly known, but it is realistic in an 
order-of-magnitude sense. The He"*" ionization 
fronts were estimated from Zanstra calculations 
for density distributio ns at T > 10'' K 



(jOsterbrock fc Ferlandl 120061 ) . Primary mass loss 
rates of roughly 10"'^ and 3 x 10~^ Mq yr~^ were 
assumed, with a secondary star having L w 4 x 10^ 
1/0 and Toff ~ 40,000 K. Ex tra ionization by 



the p rimary star was included (jHumphrevs et al 



20081 ) ■ and UV absorption in shocked zone 3 was 
neglected. In reality the distinction between zones 
2 and 3 is ill-defined on the spatial scale shown 
here, because the primary shock is very unstable. 



11 



by contrast, has a far broader He"*" 
zone because the wind is less dense 
by a factor of about 3. It notion- 
ally represents the situation today. 
In this case, our line of sight passes 
through He"*" during most of the or- 
bit, except for two or three months 
before and after periastron. There- 
fore a decreased wind density im- 
proves the observability of He I ab- 
sorption, while having little effect on 
the He I emission strengths as we 
noted earlier. 

In principle, zones 2 and 3 in Figure [5] may 
be of comparable importance for the He I 
lines. In both decreased wind den- 

sity appears to be consistent with the data. 

Which of the above views is more 
accurate? Unfortunately the ionization 
problem is extremely intricate within the 
shocked gas. Consider, for example, the 
primary- wind shock at a time when it is 
located 15 AU from the primary star. For 
the sake of discussion, suppose the wind 
speed is 500 km s^^, the total mass loss 
rate is 3 x 10~^ Mq yr~^, and ignore likely 
inhomogeneities in the windl^ Then an ide- 
alized adiabatic shock produces post-shock 
temperature T ~ 4 x 10^ K and electron 
density rig ~ 10^ cm~^. But the cooling 



time is tc ~ 10^ s (Chapter 34 in iDraine 



201ll ). much faster than the outflow escape 
time tesc ~ 4 X 10^ s. Trapped X-rays may 
delay the cooling, but not enough to al- 
ter the basic situation. Therefore a naive 
one-dimensional shock model has a sheet 



of cooled gas with T < 20,000 K. This gas 
is much denser than the pre-shock wind, 
because pressure equilibrium applies in an 
approximate sense between the two shock 
fronts. Consequently it would block practi- 
cally all incident ionizing photons, so zone 
2 in Figure [5] would not exist. This sim- 
ple view is obviously unrealistic, though, 
because a number of well-known thermal, 
fluid, and radiation instabilities disrupt the 
sheet as rapid l y as it forms. Figure 7 in 



Stevens et al 



^ An assumed 500 km s^^ wind speed is merely 
conventional. Judging from the bipolar structure 
of rj Car's ejecta, the outflow may be considerably 
slower at equatorial latitudes. 



(I1992I ) illustrates this phe- 
nomenon in a 2-dimensional model, and 
the case of r] Car is even more dramatic 
for two reasons: 3-dimensional geometry 
allows the development of small condensa- 
tions, and the radiation pressure of ioniz- 
ing radiation from the secondary star in- 
cites an additional, Rayleigh- Taylor-like 
instability. Hence there is little doubt that 
rapid cooling forms a fine spray of blob- like 
or filament-like condensations. Figure 7 in 
Stevens et al. hints that these may form 
streamers pointed toward the secondary 
star. Meanwhile, hot shocked gas between 
the condensations (T > 10^ K) contains 
He"'""'" and is nearly transparent to ioniz- 
ing UV radiation. Evidently the question 
at hand is: Do the many small condensa- 
tions intercept most of the UV photons in- 
cident on the shock structure? If they do, 
then He I emission and absorption arises 
mainly within the colliding- wind zone; but 
otherwise, zone 2 in our Figure is more 
important. 

Let us attempt an order-of-magnitude 
estimate with the same parameters as- 
sumed above. For simplicity we assume 
that each cooled condensation is a "blob" 
rather than a filament; if necessary a fil- 
ament might be represented as a line of 
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blobs. The characteristic pre-coohng size 
scale for thermal instability is of the or- 
der of wtc ~ 0.15 AU, where w ~ 200 km 
s~^ is the adiabatic-shocked sound speed. 
Cooling rapidly shrinks this size scale to 
less than 0.03 AU, about 1 percent of the 
colliding-wind region's overall size scale. 
(The shrinkage factor is the cube root 
of the density-increase factor.) One ex- 
pects roughly 300 blobs per AU^ (i.e., one 
per 0.15 AU cube) in the shocked region 
which is about 3 AU thick. Thus we ex- 
pect a column density Ni, 10^ blobs per 
AU^. If the geometrical cross-section of 
each blob is ab ~ (0.03 AU)^ ~ IQ-'^ AU^, 
then we find an "equivalent optical depth" 
Tfe = Nb<Jb ~ 1, meaning that compara- 
ble numbers of photons either do or do 
not penetrate through the shocked region. 
Most of the factors neglected here would 
tend to decrease Tb. For instance, radi- 
ation pressure tends to either disrupt or 
ablate a blob on a time scale less than 
tesc] and blobs may tend to be aligned 
with the direction to the secondary star, 
thereby increasing the transparency of re- 
gions between such filaments. In sum- 
mary, the issue is left in doubt, because 
we can do only an order-of-magnitude as- 
sessment. No computer codes applied to r] 
Car so far can realistically solve this prob- 
lem, because a satisfactory model requires 
(1) 3-dimensional fluid dynamics with spa- 
tial resolution ~ 10^, (2) realistic thermal 
and ionization microphysics including pos- 
sible ablation, (3) realistic 3-dimensional 
radiative transfer for the ionizing photons, 
and (4) valid input parameters. None 
of these can be omitted. This puzzle is 
so intricate that tempting approximations 
may lead to serious errors. One interest- 
ing detail is that each condensation may 



move semi-ballistically, being too small 
and dense to follow the general fluid flow; 
while the ionizing-radiation pressure is not 
very much smaller than the thermal gas 
pressure. A final remark on this sub-topic: 
In view of the very strong instabilities of 
the primary-wind shock, exacerbated by 
inhomogeneities in the primary wind, the 
boundary between zones 2 and 3 in Figure 
[5] must be quite ill-defined and "fuzzy" at 
large and medium size scales. 

3.2. Are Similar Spectral Changes 
Observed at Higher Stellar Lat- 
itudes? 

Our line-of-sight to t] Car corr esponds to 



stellar latitudes of about 45-50° (iDavidson et al. 



200ll : ISmith et al.l 120031 ) and as discussed 



above, spectra from this direct view show 
dramatic spectral changes over the past 
decade. The Homunculus nebula reflects 
light from the central source and allows 
us to view the star and its spectrum from 
different directions. The known geome- 
try of the Homunculus makes it possible 



ula to stellar latitudes ( 


Smith et al. 


2003 


Davidson et al. 


2001; 


Zethson et al. 


19991) 



Spectra at F0S4, located near the cen- 
ter of the SE lobe, correspond to a stel- 
lar latitude of about 75° permitting us to 
observe the star's spectrum from near its 
polar region. (Observed delay times and 
Doppler s hifts confirm the assu med geom- 
etry, see Mehner et al.l 2011bl .) Spectra 



were obtained at F0S4 with VLT UVES 
from 2002-2009, with Gemmi CMOS from 
2007-2009, and with Irenee du Pont B&C 
in 2011. 

Figure [6] shows the equivalent width of 
the Fe Il/Cr II blend at AA4570-4600 A 
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on the star and at F0S4 with GMOS and 
UVES. In 2002-2003, the equivalent width 
of the emission in our direct view is a fac- 
tor of ~ 3 larg er than at F0S4 . It w as al- 
ready noted bv lmUier fc Allen! fll992[ ) that 
the equivalent widths of emission lines are 
smaller throughout the lobes. This fact has 
not been fully explained, but one possible 
cause involves our unusual line-of-sight to 
the star. Our direct view of the star has 
more extinction than the Weigelt knots lo- 



cated only 0' '. [3 awa y ( jPavidson et al.lll995 
Hillier et al.l 120011 ). Suppose the extra ob- 



scuration occurs, for example, in a small 
intervening dusty cloud close to the star. 
Any extra emission formed between us and 
the cloud would have a magnified effect 
on the star's apparent spectrum, because 
such emission would have less extinction. 
In that case, the star would appear to 
have relatively stronger emission lines than 
it really does. But this explanation has 
some obvious difficulties, and the problem 
is too comp licated to explore here. See 
Smith et al. (12003) for other related com- 



ments. 



Stahl et all (12005f l and IWeis et al. 



(120051 ) also noticed the difference but with- 
out discussion. The equivalent width in 
our direct view of the star declined by a 
factor of about 3 since 2002, while at F0S4 
the decline was only by a factor of 1.5-2. 
After the 2009 event the strength of the 
emission feature was comparable at both 
locations. 

Similar behavior is observed in the hy- 
drogen emission lines. Figure [7] compares 
the Ha and H5 equivalent widths in spec- 
tra of the star in direct view and reflected 
at F0S4 obtained with different instru- 
ments. The emission strength in spectra 
of the star decreased by a factor of ~ 1.5 



since 1998 (see Section 13. ip . but spectra 
at F0S4 showed no secular changes. Af- 
ter the 2009 event the emission strengths 
were about equal at both locations. Con- 
ceivably this is a hint that the wind has 
become more spherical. 



Smith et al.l (120031 ) reported faster ter- 



minal velocities of Balmer P Cyg absorp- 
tion lines at the poles than at lower lat- 
itudes in 2000 March STIS data during 
rj Car's normal state, which lead them to 
conclude that r] Car's wind is faster at 
the poles. They found terminal velocities 
of Ha P Cyg absorption of Vqq = —540 
km s^^ in our direct line-of-sight view and 
up to Voo = —1150 km s~^ in the re- 
flected polar-on spectra. In pre-2009 event 
ground-based data we did not find such 
high velocities at the poles. Observations 
with GMOS starting in 2007 show termi- 
nal velocities of the B.6 absorption on the 
order of v^^ ~ —550 km s ~^ at all lati- 
tudes dMehner et al.l l2011bh . UVES ob- 
servations ~ 200 days before the 2003.5 
and 2009 events and during mid-cycle state 
in 2006 show that the maximum terminal 
velocities for Ha increase somewhat with 
higher latitude and range from v^o ~ —550 
to foo ~ —700 km s~^, see Figure [HI The 
telescope acquisition of the F0S4 location 
has an uncertainty of ~ ±0.5" and this is 
the likely reason that the velocity depen- 
dence observed in the 2002 and 2008 spec- 
tra is not seen in the 2006 spectra shown 
in the Figure. 

Because we did not observe termi- 
nal velocities above Vod = —700 km s^^ 
in our ground-based data, we reinvesti- 
gated the 2000 Ma rch STIS data used by 



Smith et al.l (120031 ) using a different ap- 



proach in aligning the spectra from sev- 
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eral distinct locations in the Homuncu- 



lus nebula. ISmith et al.l (120031 ) corrected 
for the different redshifts throughout the 
SE lobe, which are due to reflection by 
the expanding dust, by aligning the blue 
side of the Ha emission lin e profile at 10 



times the continuum flux. In Mehner et al. 



(l2011bl ) we used, instead, several forbid- 
den lines that are known to originate in 
the Weigelt knots with constant velocities 
much smaller than the discrepancy in ques- 
tion to align GMOS spectra. We cannot 
use the same procedure for the STIS spec- 
tra because the narrow lines cannot be as 
readily observed throughout the SE lobe 
due to the small spectral range of each 
exposure and the low S/N in extractions 
in the lobe. We therefore applied the ve- 
locities found for different locations in the 
SE lobe using GMOS data to the STIS 
spectra. The result is shown in Figure [91 
Using our aligning method we found max- 
imum terminal velocities of v^o ~ —700 
km s~^ for Ha and H/3. Admittedly is 
difficult to define precisely in a case like 
this. The lower two Ha profiles in Fig- 
ure [9] appear to show a deficit of flux be- 
tween —700 and —950 km s~^, but this is 
not a smooth continuation of the main P 
Cyg profile. Instead, these two examples 
are better described as having a possible 
weak second component of outflow with 
Voo ~ —900 km s~^ rather than —1150 km 
s~^. The H/3 data are noisier, but this line 
produces deeper absorption than Ha; and 
it too shows no evidence for Voo < —700 



km 



Figure [9] shows a clear latitude 



dependence, but the velocity range is less 



drama tic than that found by ISmith et al. 
( I2OO3I ). Unfortunately, no UV observa 



tions of the reflected polar-on spectrum 
exist and we therefore cannot investigate 



the terminal velocities of UV resonance 
lines at higher latitudes. 

Our last observations taken in 2010 Jan- 
uary with GMOS and in 2011 with Irenee 
du Pont B&C indicate that the absorption 
at the poles had weakened considerably af- 
ter the 2009 event. However, since the 
Irenee du Pont observations are of lower 
quality this has to be confirmed in future 
observations. 

The simplest explanation for the weak- 
ening of broad stellar wind-emission fea- 
tures is a decrease in 7 7 Car's mass-loss rate 
flMehner et al]l2010b[ ). The broad stellar 
wind-emission features appear to be simi- 
lar from all directions after the 2009 event 
suggesting that r? Car's asymmetric wind 
( ISmith et al.ll2003l ) may have become more 
spherical over the last 10 years. If the in- 
terpretation of a decrease in mass-loss rate 
is correct, then the effect is latitude de- 
pendent with the mass-loss rate decreasing 
less or more slowly at the higher stellar 
latitudes. However, 77 Car's wind is nor- 
mally assumed to be denser at the poles 
( ISmith et al.l l2003l ) and a larger decrease 
of the mass-loss rate at the equator would 
not lead to a more symmetric wind. 



3.3. Are Spectral Changes Observed 
at the Weigelt Knots? 

Spectra of the Weigelt knots show re- 
flected light from 77 Car a nd narrow high- 



excit ation emission lines ( iDavidson et al. 



I995I ) now attributed to photoionization 
by a hot companion star. Given the rapid 
spectral changes discussed above, and the 
accelerated brighten ing of the central star 



for the last 15 years (IMartin &: Koppelman 



2OO4J: IMartin et all l2006bl : lOavidson et a" 



2OO9I ) , we expect to observe spectral changes 
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also in the nearby ejecta. For instance, an 
early recovery of the high-excitation emis- 
sion after the 2009 event and a larger con- 
tinuum flux at the Weigelt knots seem rea- 
sonable. Unfortunately, the Weigelt knots 
cannot be spatially resolved in ground- 
based observations and their observational 
coverage with STIS is sparse; in 2003 the 
pre-event phase was covered, while the re- 
covery phase was observed during the 1998 
and 2009 events. Mid-cycle observations 
are even rarer. 

Figure [10] shows measurements of the 
Ha equivalent width at Weigelt knots C 
and D in STIS data for the last two cy- 
cles]^ Further observations are required to 
confirm the apparent long-term decrease 
in the emission strength of about 10-20%. 
Factors such as slightly varying slit po- 
sition angles, pointing, and the fact that 
the knots are slowly moving outwards (on 
the order of 0^.^023-0 .^ 044 within 10 years , 



see 



Smith et al.ll2004J : IPorland et al.ll20o"3 ) 



might play a role. We are not concerned 
here with the line behavior during the 
events, when the emission strength drops 
very rapidly for a few months. 

Figure [TT] shows the flux of the narrow 
[Ne III] A3870 emission on Weigelt knots C 



and D since 1998 (compare iMehner et al. 



2010al ). High-excitation emission lines 
disappear for several months during the 
events, probably caused by the suppres- 
sion of UV radiation from the secondary 
star close to periastron passage. Some 
authors have suggested that the disap- 



^Note that the meaning of "equivalent width" is 
unclear for the Weigelt knots. This is because the 
source of continuum is ill-defined, mainly reflected 
star light but continuum emission in the knots may 
be present. 



pearance of the high-excitation lines are 
caused by eclipses of a hot secondary star 



lision shock cone i 


Damineli et al. 


199?!; 




Ishibashi et al. 


1999bl: IStevens & Pittard 




1999; 


Pittard & Corcoranll2002: 


Damineli et al. 


2008c 


i) or due to a thermal/rotational re- 



covery cvcle fjZane 



2000; Smith et al. 



20031 : IPavids^n 2QQ5|). 



Many authors now agree that a c ollapse of 



the w ir id-wiii d collis i on structure ([pavidson 



2002; Sokei 2003; Martin et al. 



2006a 



Soker fc Behai]l2006l : [SokeJ2007l : lDamineh et al. 



2008al ) , and /or d i sturb a nces i n the primary 



wind Davidson 1997, 199S; Smith et al. 



20031 : iMartin et al.l l2006al ). are primary 



causes for the observed spectral changes 
during the events. These phenomena can 
be triggered by the periastron passage of a 
companion star. 

The [Ne III] A3870 emission appears to 
have recovered faster after the 2009 than 
after the 1998 event. If t] Car's wind has 
been decreasing in recent years, an early 
reappearance of the high-excitation emis- 
sion lines would be expected since a lower 
mass-loss rate of the primary star would re- 
sult in an earlier recovery of the secondary 
star's UV radiation output in any proposed 
model. However, given the poor temporal 
coverage of the Weigelt knots this result is 
not conclusive. 

Surprisingly, the continuum flux at ~ 
A4000 A at Weigelt knot D is very constant 
for the last 10 years, see Figure [T2j The 
Figure compares the continuum flux at the 
star and at Weigelt knot D. Since the stel- 
lar continuum is much brighter than the 
continuum at knot D, we normalized the 
measurements to unity on 1998 March. In 
1998, the stellar continuum at ~ A4000 A 
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was ~ 5 times as bright as on the nearby 
knot D. The central source then bright- 
ened tremendously (see also Figure 1 in 
Mehner et allbnilbl for HST UV photom- 
etry). In 2010 August, the stellar contin- 
uum was about 60-70 times brighter than 
the continuum at knot D, which remained 
practically constant. This is quite unex- 
pected. However, the rapid brightening of 
the central star is largely caused by a de- 
crease in the circumstellar extinction; the 
innermost dust is being destroyed or the 
dust-formation rate has slowed. Our di- 
rect view of the star appears to have more 
circumstellar extinction than the average 
line-of-sight ( iDavidson et al.lll995l ) and the 
brightening of the central star may not be 
equal in all directions. 

4. IMPLICATIONS FOR ETA CAR'S 
MASS-LOSS RATE 

The spectral changes described in this 
paper suggest that rj Car's wind density 
decreased and that the ionization structure 
of the inner wind changed. The changes 
appear to be dependent on the stellar lati- 
tude. Eta Car's wind may be more spher- 
ical now than 10 years ago. However, the 
nature of these spectral changes cannot be 
easily explained. 

In 7] Car's "normal" state, Balmer P 
Cyg absorption is strong at the poles and 
weak or absent along our line of sight, 
near stellar latitude ~ 45°. It is there- 
fore thought that rj Car's wind densit y 
is higher at the poles (ISmith et al.ll2003l ). 
where it ma y resemble the spher ical model 
described by lHillier et al.l ( 120011 ). At lower 
latitudes, in this view, the wind is less 
dense, which implies stronger ionization 
and much weaker Balmer absorption. (The 



column density N{H^, = 2) is small 
there because N{H~^ + H^) and the ra- 
tio N{H^,n = 2)/N{H^) are both smaller 
than they are at the poles.) A com- 
plex photoionization structure of the pri- 
mary wind regulated by the secondary star 
(IRichardson et al.l 120101) or a wind cavity 
model (IMadura et al.l l201ll ) may provide 
additional or alternative explanations. 

During the events, Balmer P Cyg ab- 
sorption also appears at lower latitudes 
and the rapidly changing profiles indicate 
changes in r] Car's wind ionization struc- 
ture on very short time scales of only days. 
Smith et al I (l2003h proposed that a minor 



mass ejection leads to a temporary increase 
in 7] Car's wind density in the equatorial re- 
gions resulting in hydrogen recombination. 
However, rj Car's wind might be close to a 
regime where a small change in its wind pa- 
rameters may lead to transitions between 
fully ionized and recombined hydrogen in 
the wind. This may be the case dur- 
ing the events, when the radiation of the 
secondary might cause a rapid transition 
between these two states and the ioniza- 
tion structure of r? Car's wind might tera - 
porarily change (IRichardson et al.l |2010| ). 



Madura et al.l (1201 ll ) found that a wind 



cavity in the dense primary wind caused 
by the secondary star may provide an ex- 
planation for the deepening of Ha absorp- 
tion in our line-of-sight during the events. 
Observations favoring the latter explana- 
tions are the constant terminal wind ve- 
locities in UV resonance lines during the 
2003.5 event (see Figure S]) and the ap- 
pearance of He I absorption at higher stel- 
lar latitudes for a few months b efore the 
2009 event (iMehner et al.ll2011bh . UVES 



spectra before the 2003.5 event, starting 
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at phase 0.9, show also strong He I absorp- 
tion at the pole. This occurrence is not 
accounted for by a shell-ejection model. 

The long-term weakening of H I emis- 
sion in 7] Car's wind may be explained with 
a decrease in mass-loss rate, while the con- 
stant He I emission strength is probably 
due to competing effects of changes in the 
helium ionization, which is due mainly to 
UV from the hot companion star. Long- 
term changes in the H I and He I P Cyg ab- 
sorption lines are related to changes in the 
ionization structure of t] Car's wind and 
likely caused by alter ations in the rn a ss-loss 



rate. For example, iNajarro et al.l (119971 ) 



demonstrated that the variability of the 
H I and He I line profiles in P Cygni re- 
sulted from changes in the ionization of its 
wind. 

Let us assume that the observed weak- 
ening of broad stellar wind features is 
primarily caused by a decreasing mass- 
loss rate, which seems natural for rj Car's 
long-term recovery. A decrease in mass- 
loss rate is consistent with the accelerated 



and spectroscopy ( 


Davidson et al. 


1999a: 


Martin & KoDDelman 


2004 




Martin et al. 


2006bh as well as other 


recent 


obser- 



vational evidence 


Davidson et al. 


2005: 


Martin et al.ll2006b: 


Humphrevs et al 


2008 


Kashi & Sokei 


2009: Martin et al. 


2010: 


Corcoran et al. 


2010). 



Previous mass-loss rate estimates for 
T] Car range from 3 x 1 0~^ to 1O~^M0 yr~^. 



Davidson et al.l (119951 ) estimated the mass 



loss rate based on the H/3 emission line 
and found 6 x 10^^ to 3 x IO^^Mq yr^^ 
with a most likely v alue o f 1 x 10~^Mp 



yr 







Hillier et al.l (120011 ) also found a 
mass-loss rate of ~ 1O~^M0 yr~^ by fit- 



ting the optical emission spectrum with a 
non-LTE line blanketed code. Radio ob- 
servations at 8 and 9 GHz indicate mass- 



loss r ates of 3 x 10 ^Mq yr ^ (jWhite et al. 



19941 ) and millimeter obs ervations resulte d 
in 2.4 X lO-^M© yr'^ dCox et all [l995h . 
All those estimates are based on sim- 
phfied, spherical models and are only 
order of magnitude estimates^ Mass- 
loss rates obtained from optical observa- 
tions are higher than from X-ray mod- 
els, which find mass-loss rates of about 



3 X 10-^M^ yr-^ ( 


[shibashi et al. 


1999a: 


Corcoran et al. 


200] 


.: iPittard &; Corcoran 



2OO2I ) . This discrepancy might be reduced 



if clumping is taken into account since the 
mass-loss rates determined from diag- 
nostics may have been systematically over- 
estimated by up to an order of magnitude 
(iFullerton et~ai1l2006h . 

In this paper we did not attempt to es- 
timate the absolute mass-loss rate of rj Car 
because there are too many unknowns such 
as the latitudinal dependence and clump- 
ing of the wi nd. Instead, w e adopted 



the method by iLeitheren (119881 ) which re- 
lates the Ha luminosity to stellar mass-loss 
rate, stellar radius, velocity law, and effec- 
tive temperature, to roughly estimate the 
change in mass-loss rate over the last 10 
years. Assuming that only the mass-loss 
rate is responsible for the observed changes 
in Ho; flux, we find that the mass-loss rate 
declined by a factor of 2-3 between 1999 
and 2010. Note: we do find absolute mass- 
loss rates on the right order of magnitude, 
i.e. 10-^-10-3 Mq ji-^. a full theoreti- 



^°The 8-9 GHz observations see inhomogeneous ma- 
terial far outside the normal stellar wind because 
the opaque region at those frequencies probably 
includes all of the Weigelt knots. 
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cal analysis requir es expert cod e s and new 
models updating iHillier et al.l (120011 ) are 
needed. 

A decrease in the mass-loss rate by 
a factor of 2-3 is consistent with esti- 
mates based on the X-ray light curve. 
The early exit from rj Car's 2009 X-ray 
minimum suggests a decrease in mass-loss 
rate by a factor of 2 compare d to previous 
events flKashi fc Sokeil l2009h . A decrease 
in mass loss rate by a factor of 2 also re- 
sults from the decline in 2-10 keV X-ray 
flux by ~ 30% betwe en 2000 and 20110 
Corcoran et al. f 2010l ) estimated a factor 



of 4 decrease in the mass loss rate between 
2000 and 2006, which may be too excessive 
as the comparison was made based on the 
fluxes obtained nearly at a local maximum 
in 2000 and a local minimum in 2006. Cor- 
coran et al. also suggested changes in the 
plasma temperature of the colliding wind 
shocks, which makes it difficult to assess 
what physical quantities - other than mass 
loss rate of t] Car - may have changed. 

A decreasing mass-loss rate could also 
potentially explain the deepening of He I 
and N II absorption over the last decade. 
Eta Car's wind may be in a stage where 
even a modest change in mass-loss rate can 
have a large impact on the wind ionization 
structure and a decrease in mass-loss rate 
may cause helium to become ionized in a 
larger fraction of the wind at low latitudes. 

A dramatic drop in rj Car's mass-loss 
rate mainly at the equatorial regions, how- 
ever, leads to a significant confiict. The- 



^^See |http://asd. gsfc.nasa.gov/Michael. Corcoran/ 
eta_car/etacar_rxteJightcurve/index.html for the 
2-10 keV X-ray lightcurve obtained with the 
RXTE/PCA PCU2 Layer 1. The X-ray flux of 

■ 1/2 

the colliding winds is proportional to M^^^^. 



ories of equatorial gr avity darkening in 
mass i ve rotating stars (jMaeder fc Mevnet 
'2000|; iMaeder fc Desjacquesll200ll : lOwocki 
,20051 ) result in asymmetric winds with 
stellar wind densities and terminal wind 
velocities being larger at the poles, and 
the generally accepted hypothesis is that 
rj Car's mass-loss rate was h igher at the 



poles than at the equator (ISmith et al. 



20031 ). However, recent data imply a more 



spherical wind; the terminal velocities of 
Balmer P Cyg absorption appear to be 
fairly constant at all latitudes and emis- 
sion strengths are equal from all direc- 
tions. This cannot easily be explained 
alongside with a rapid decrease in mass- 
loss rate mainly at the equator. However, 
given the observational evidence presented 
above, the interpretation of a latitude- 
dependent wind caused by rapid stellar 
rotation might not be correct. Alterna- 
tives to the decreasing-wind interpreta- 
tion include, e.g., a change in the latitude- 
dependence of the wind, changes in the ve- 
locity field shape, or the model favored by 



Kashi fc Soken (120091 ). who propose that a 



small change in wind properties could be 
amplified by tidal interactions. More de- 
tailed analysis and future observations in 
the next years are necessary. We can only 
state here, that rj Car's wind has changed 
considerably over the last decade but any 
explanation of the nature of these changes 
is not straightforward. 

As noted in earlier papers, rj Car may 
now be returning to a state like that ob- 
served three centuri es ago, with a nearly 



transparent wind (iMartin et al.l l2006b 



Mehner et al.l l2010bl ) . Conceivably, how- 



ever, it may already have reached that 
state. In 1998 its opaque wind had a 
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pseudo-pho tospheric temperat ure of 9000- 
14 000 K f|Hillier et all l200lh. Figure 1 
m IPavidsonl (jl987f ) indicates that a fac- 



tor of 2 or 3 decrease in the wind density 
should probably have raised the apparent 
temperature to 20,000 K or more. (Mod- 
ernized opacities do not alter this relative 
statement.) According to an argument 
based on the star's bolometric magnitude 
compared to the visual magnitude seen 
by Halley in 1677, the color temperature 
long before the Great Eruption was most 
likely about 20,000 to 25,000 K flPavidson 
2OI2I ). This value may represent either 
the star's true effective temperature, or 
else a marginally opaque wind. If this rea- 
soning is valid, perhaps the circumstellar 
extinction is the only remaining difference 
between the star's appearance today and 
that seen 150 years before the Great Erup- 
tion. One implication is that the near- 
future development cannot safely be pre- 
dicted merely by extrapolating from the 
past decade. 

5. SUMMARY 

In this paper we analyzed spectral data 
obtained with several instruments between 
1998 and 2012. We confirmed the spec- 
tral changes i n the wind ern is sion lin es first 
reported by iMehner et aD (j2010bl ): HST 
STIS spectra obtained in 2010 August, ~ 
170 days after the first discovery, are com- 
parable to the observations in 2010 March. 
Furthermore, we analyzed the long-term 
development of spectral changes in our di- 
rect line-of-sight view of the star, at F0S4, 
and the Weigelt knots. 

Eta Car's recent spectral changes in- 
volve both emission and absorption lines: 



1. Broad stellar wind-emission features 
in our line-of-sight to the star have 
decreased by factors of 1.5-3 rela- 
tive to the continuum within the last 
10 years. These changes occurred 
gradually and are dependent on the 
viewing angle; spectra at higher stel- 
lar latitudes and from the outlying 
ejecta show smaller changes. The 
simplest explanation is a decrease in 
7] Car's primary wind density. How- 
ever, the decrease in wind density ap- 
pears to be latitude dependent, with 
emission features showing much less 
change at higher latitudes. After the 
2009 event, emission line strengths 
are now very similar in our direct 
line-of-sight view and in the reflected 
polar-on spectrum at F0S4 suggest- 
ing a more spherical wind and/or a 
more uniform distribution of circum- 
stellar extinction. 

2. High-excitation He I and N II ab- 
sorption lines strengthened gradu- 
ally over the last decade indicating 
a change in 77 Car's wind ionization 
structure. Hydrogen P Cyg absorp- 
tion at F0S4 might have weakened 
after the 2009 event. The terminal 
velocity of hydrogen P Cyg lines was 
found to be similar at all stellar lat- 
itudes. Those findings provide ad- 
ditional clues for a more spherical 
wind. 

The observational results presented here 
are difficult to reconcile with a decrease 
in mass-loss rate primarily at lower stel- 
lar latitudes since it is generally assumed 
that 77 Ca r's wind had highe r densities at 
the poles (ISmith et al.ll2003l ). Our obser- 
vations may be more readily reconciled 
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with alternative explanations for latitude- 
dependent spectral features, such as a 
complex ionization structure of t] Car's 
wind modulate d by the secondary st ar's 
UV radiation ( iRichardson et al.l 120101 ) or 
the presence of a wind cavity in the pri- 
mary wind caused by the secondary s tar 
(lOroh et al.ll2010al : iMadura et aPboilh . 

Using H o; eni ission and the method by 
Leithererl ( 119881 ) we found that rj Car's 
mass-loss rate decreased by a factor of 
2-3 between 1999 and 2010. A de- 
crease in mass-loss rate on the order of 
2-3 is consistent A vith changes in the 



2009 



X-ray light curve flKashi fc Soker 
Corcoran et al.ll2010l ). We did not attempt 
to derive the absolute value with any accu- 
racy because there are too many unknown 
factors, such as latitudinal dependence and 
clumping of the wind. Ne w theoretical 



models updating iHillier et al.l (l200l[ ) are 
needed. 

Observations in 2012 and 2013 will be 
extremely valuable to further analyze the 
nature of the spectral changes in rj Car's 
wind. It is of great importance to mon- 
itor the star consistently since spectral 
changes may occur on time scales of only 
weeks to months. For the long-term re- 
covery of r] Car it is important to investi- 
gate if the wind will further decline or if 
it will stabilize or even recover to its for- 
mer strength. But by mid-2013, the onset 
of the next event will dominate the spec- 
trum, so observations in 2012 are needed. 
The last three events all differed from each 
other and considering the long-term spec- 
tral changes described in this paper we can 
expect many interesting new results from 
T] Car's 2014.5 event. 
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Fig. 1. — HST STIS spectral tracings 
about 400 days after the 1998 and the 2009 
events (phases 0.21 and 2.20) and about 
570 days after the 2009 event (phase 2.28); 
a) blends of Fe II, [Fe II], Cr II, and [Cr II] 
near A4600 A, flux is normalized to unity at 
A4740 A, b) Ha, flux is normalized to unity 
at A6630 A, c) He I A6680, flux is normal- 
ized to unity at A6630 A. The strengths of 
broad wind-emission features have not re- 
covered in 2010 August (phase 2.28) obser- 
vations. The external narrow absorption 
near —144 km s~^ in the Ha profile is still 
absent. He I features shifted to bluer wave- 
lengths and the He I P Cyg absorption is 
still strong at phase 2.28. 
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Fig. 2. — Equivalent widths of Fe Il/Cr II 
blends at AA4570-4600 A and AA4614- 
4648 A in HST STIS (black squares), 
Gemini GMOS (red circles), and VLT 
UVES (blue triangles) spectra in 1998- 
2010. Ground-based measurements were 
divided by 1.9 (GMOS, upper panel), 1.7 
(UVES, upper panel), 1.8 (GMOS, lower 
panel), and 1.6 (UVES, lower panel) to ac- 
count for the wider spatial sampling, see 
text. These broad stellar wind features 
show an almost linear decline over the last 
decade. 
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Fig. 3. — Equivalent width of Ha and 
m in 1998-2012. EST STIS (black 
squares) observations, which unfortunately 
were not available in 2004-2009, are sup- 
plemented by VLT UVES (red circles), 
Gemini GMOS (filled black triangles), and 
Magellan II MIKE (star) data. Irenee du 
Pont B&C (green circle) and 1.5 m CTIO 
RC data (blue triangles) are of lower qual- 
ity. The open black triangles are from 
1.5 m CTIO RC and Echelle observations 



and are retrieved from Richardson et al. 



( I2OIOI ). The Ha and B.S minima were 
deeper during the 2009 event compared to 
the 2003.5 event and the line strength did 
not recover afterwards. 
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Fig. 4.— Si II A1527 in i^^T STIS/MAMA 
observations in our direct line-of-sight to 
the central star. Phases are indicated next 
to each tracing and correspond to years 
2000.23-2004.18. The terminal wind veloc- 
ity in UV resonance absorption lines dur- 
ing the 2003.5 event is constant. The dif- 
fering emission strengths seen in these trac- 
ings are related to r] Car's spectroscopic 
cycle. 
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Fig. 5. — Schematic helium ionization 
zones in ri Car's wind. A and B are the 
two stars. Zones 1 and 2 occur in the 
undisturbed primary wind, zone 3 is the 
coUiding-wind shocked region, and zone 4 
is the low-density secondary wind. Ob- 
served He I recombination emission arises 
mainly in zone 2, where helium is photoion- 
ized by the hot secondary star B. (Small 
condensations in zone 3 can also produce 
appreciable He I emission, but zone 4 is in- 
sufficiently dense.) The recent decrease of 
the primary wind may have enlarged the 
geometrical extent of zone 2 as shown in 
the bottom panel. Caveat: This diagram 
is highly idealized; for example, the bound- 
ary between zones 2 and 3 is quite unsta- 
ble, irregular and ill-defined. 
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Fig. 6. — Equivalent width of the broad 
Fe Il/Cr II blend at AA4570-4600 A on 
the star (black symbols) and at F0S4 (red 
symbols) with Gemini GMOS and VLT 
UVES in 2002-2009. GMOS values were 
divided by 1.9 and UVES values by 1.7 to 
account for the wider spatial sampling, see 
text. The emission in our direct view of 
the star decreased by a factor of ~ 3, at 
F0S4 by only a factor of about 1.5-2. 
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Fig. 7. — Ha and H5 equivalent widths in 
spectra of the star in direct view (black 
symbols) and at F0S4 (red symbols) in 
spectra obtained in 1998-2012. (The open 
black triangles turned downwards are from 
1.5 m CTIO RC and Echelle observations 



and are retrieved from iRichardson et al. 
2010l .) The emission strengths decreased 
on the star by a factor of ~ 1.5 but not at 
F0S4. 
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Fig. 8.— Ha in VLT UVES spectra on 
the star and in the SE lobe. F0S4 +1" 
and F0S4 +2" are extraction along the slit 
1" and 2" south of F0S4. Spectra were 
shifted by -100 km s-^ (F0S4), -150 km 
s-i (F0S4 +1") and -200 km s^^ (F0S4 
+2") to account for the expanding nebula. 
Observations in 2002 and 2008 were ob- 
tained at similar phases (0.891 and 1.886). 
Tracings from 2006 show the mid-cyle pro- 
file. The maximum terminal velocity is 
f oo ~ —700 km s~^ and the absorption fea- 
ture may have weakened since 2002. 
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Fig. 9.— Ha and H/3 in 2000 March HST 
STIS observations in tracings along the SE 
lobe (the distance in arcsec from the cen- 
tral source is indicated). We corrected for 
the different redshifts using velocities of 
—12 km s~^ for offset position I'.'S, —43 km 
s~^ for offset position 3'.'0, —99 km s~^ for 
offset position 4'.'5, and —185 km s~^ for 
offset position 6'.'0. The flux was normal- 
ized between AA6630-6650 A and AA4980- 
5000A, respectively. The terminal veloc- 
ity is latitude-dependent, with the polar-on 
spectra showing the largest terminal veloc- 
ities of Vnc ~ —700 km s~^ 
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Fig. 10. — Equivalent width of Ha at 
the Weigelt knots C (filled squares) and 
D (open circles) over the last 2 cycles in 
HST STIS data. The equivalent width 
may have declined by about 10-20% over 
the last decade. 
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Fig. 11. — Flux of the narrow [Ne III] 
A3870 emission line at Weigelt knots C 
(filled squares) and D (open circles) since 
1998 in HST STIS data. The line strength 
may have recovered earlier after the 2009 
event, see text. 
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Fig. 12. — Normalized continuum flux at 
A3950 A on the star (fiUed squares) and 
at Weigelt knot D (open circles). The flux 
was normalized to unity on 1998 March 19 
for both locations. During r] Car's last two 
spectroscopic cycles the continuum at A ~ 
4000 A remained approximately constant 
at knot D, while the flux in our direct line 
of view rose by a factor of more than 10 
between 1998 and 2010. 
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Table 1 

Equivalent Widths of Broad Stellar Wind-emission Features'" (1998-2012) 



Nameb Date MJD Phase EWf *-^„_^g„„c EWf*-^^_^^^3e ^^^.Ztro-^eoo'^ 
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Table 1 — Continued 
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Table 1 — Continued 
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fi nc:_Ln Qfi 
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o.o4itU.5o 












Irenes au Font B&C 








2011 leb 25 


55629.92 


2.381 


6.48±0.12 


4.94±0.08 


n ■! 1 n JO 

3.49±0.48 




on 1 1 T o 

zOll Jun 5 


55720.95 


2.426 


4.4z±0.417 


5.U5±0.38 


3.12±U.3U 




zOll Uec o 


55900.3 


2.514 


4.d2±0.d3 


O.31±0.56 


2.0d±U.6d 










i.5 m CT70 RC 








2004 Jun 22 


53178.1 


1.169 


10.51±1.15 


8.56±0.84 






2004 Nov 6 


53315.4 


1.236 


9.02±0.84 


7.39±0.63 






2004 Nov 17 


53326.3 


1.242 


10.84±1.31 


8.15±1.33 






2004 Nov 18 


53327.4 


1.242 


10.37±1.85 


^ f\ A 1 1 <^ A 

7.94±1.34 






2004 Nov 19 


53328.3 


1.243 


10.47±1.49 


8.06±1.08 






2004 Nov 20 


53329.3 


1.243 


10.53±1.96 


8.33±1.43 






2004 Nov 22 


53331.3 


1.244 


10.32±1.00 


7.71±0.73 






2004 Dec 2 


53341.3 


1.249 


10.79±0.65 


8.62±0.48 






2004 Dec 19 


53358.4 


1.258 


10.64±1.05 


8.49±0.78 






2005 Jan 2 


53372.3 


1.265 


10.64±1.36 


7.56±0.96 






2005 Jan 3 


53373.4 


1.265 


10.70±1.36 


8.01±1.00 






2005 Jan 13 


53383.4 


1.270 


11.11±1.21 


8.05±0.87 






2005 Jan 14 


53384.2 


1.271 


11.00±1.35 


8.02±0.97 






2005 Jan 15 


53385.3 


1.271 


10.03±1.12 


7.29±0.80 






2005 Jan 28 


53398.3 


1.277 


10.92±1.17 


8.02±0.84 






2005 Jan 29 


53399.3 


1.278 


10.31±1.38 


7.65±1.01 






2005 Feb 9 


53410.4 


1.283 


10.90±1.12 


7.98±0.81 






2005 Feb 10 


53411.4 


1.284 


10.81±0.79 


7.97±0.57 






2005 Max 25 


53454.1 


1.305 


10.56±1.01 


8.55±0.75 






2005 Mar 26 


53455.2 


1.306 


10.79±0.75 


8.42±0.55 






2005 May 6 


53496.1 


1.326 


10.83±1.36 


7.77±0.98 






2005 Jun 4 


53525.1 


1.340 


10.71±0.94 


7.97±0.68 





33 



Table 1 — Continued 



Name Date 

(UT) 


MJD 


Phase 


AA4')7()-4(i()() 

(A) 


EW EW 

AA4(114-4(i4s'' AA4r,7()-4fi00'^ 

(A) (Aj 


2005 Jul 28 


53580.0 


1.367 


9.87±1.44 


7.61±1.05 


2005 Jul 30 


53582.0 


1.368 


9.93±0.97 


7.90±0.72 


2005 Nov 10 


53684.4 


1.419 


10.63±1.22 


7.37±0.87 


2005 Nov 11 


53685.4 


1.419 


10.95±1.30 


7.95±0.93 


2005 Nov 13 


53687.3 


1.420 


10.87±1.33 


7.82±0.95 


2005 Nov 24 


53698.4 


1.426 


10.33±1.46 


7.08±1.05 


2005 Nov 26 


53700.4 


1.427 


10.78±1.73 


7.71±1.24 


2005 Nov 27 


53701.3 


1.427 


10.90±1.88 


7.79±1.35 


2005 Dec 7 


53711.3 


1.432 


11.18±1.59 


7.93±1.15 


2006 Jan 11 


53746.3 


1.449 


9.46±1.85 


6.92±1.34 


2006 Jan 16 


53751.2 


1.452 


11.36±1.46 


7.92±1.04 


2006 Jan 19 


53754.3 


1.453 


10.84±1.55 


7.36±1.09 


2006 Jan 29 


53764.2 


1.458 


11.73±1.57 


8.12±1.14 


2006 Jan 31 


53766.2 


1.459 


11.63±1.79 


8.28±1.28 


2006 Mar 14 


53808.1 


1.480 


11.77±1.32 


8.04±0.94 


2006 Mar 16 


53810.1 


1.481 


11.34±1.13 


7.94±0.82 


2006 Mar 20 


53814.2 


1.483 


9.85±1.43 


6.92±1.06 


2006 Apr 7 


53832.1 


1.492 


11.29±1.80 


7.70±1.27 


2006 Jun 3 


53889.9 


1.520 


12.56±1.41 


8.39±0.99 


2006 Aug 10 


53958.0 


1.554 


12.36±1.31 


8.54±0.93 


2006 Aug 12 


53960.0 


1.555 


12.04±1.45 


8.30±1.03 


2006 Oct 9 


54017.4 


1.583 


12.05±1.39 


8.88±1.00 


2006 Oct 11 


54019.4 


1.584 


11.57±1.15 


8.60±0.83 


2006 Oct 13 


54021.4 


1.585 


8.10±2.10 


5.82±1.52 


2006 Oct 16 


54024.4 


1.587 


11.70±1.19 


8.73±0.86 


2006 Dec 2 


54071.3 


1.610 


11.73±1.22 


8.97±0.88 


2006 Dec 4 


54073.3 


1.611 


11.84itl.02 


8.91±0.74 


2006 Dec 12 


54081.4 


1.615 


8.84±0.93 


6.85±0.68 


2006 Dec 14 


54083.4 


1.616 


8.55±0.97 


6.34±0.71 


2006 Dec 17 


54086.2 


1.618 


11.65±0.83 


8.63±0.61 


2006 Dec 21 


54090.3 


1.620 


11.20±0.98 


8.79±0.71 


2006 Dec 23 


54092.3 


1.621 


9.09±1.16 


7.37±0.85 


2007 Jan 18 


54118.3 


1.633 


11.38±1.03 


8.87±0.76 


2007 Jan 30 


54130.4 


1.639 


11.52±0.93 


8.77±0.66 


2007 Feb 1 


.54132.2 


1.640 


10.71±0.82 


8.57±0.61 


2007 Feb 3 


54134.3 


1.641 


9.46±0.77 


7.95±0.57 


2007 Feb 5 


54136.1 


1.642 


11.21±0.81 


8.77±0.59 


2007 Feb 7 


54138.1 


1.643 


7.49±0.95 


6.23±0.72 


2007 Feb 9 


54140.2 


1.644 


11.18±0.96 


8.68±0.70 


2007 Feb 12 


54143.2 


1.646 


11.39±0.86 


8.90±0.63 


2007 Feb 14 


54145.1 


1.647 


11.00±0.99 


8.84±0.73 


2007 Feb 18 


54149.1 


1.649 


7.52±0.77 


6.09±0.57 


2007 Mar 31 


54190.1 


1.669 


9.48±0.58 


7.95±0.43 


2007 Apr 12 


54202.1 


1.675 


10.39±0.85 


8.66±0.64 


2007 Jun 21 


54272.9 


1.710 


9.54±1.05 


8.12±0.79 


2007 Jun 27 


54279.0 


1.713 


9.92±0.29 


8.27±0.22 


2007 Jul 18 


54300.0 


1.723 


10.23±0.74 


8.22±0.55 


2007 Jul 25 


54306.0 


1.726 


9.36±0.54 


7.74±0.41 
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Table 1 — Continued 



Na.mc Date 
(UT) 


MJD 


Phase 


AA4-7()-4(i()() 

(A) 


A A4(i 14-4(148^ A A4r, 70-4600'^ 

(A) (A) 


2007 Jul 28 


54310.0 


1.728 


10.61±0.86 


8.37±0.63 


2008 Feb 8 


54504.3 


1.824 


8.90±0.45 


7.85±0.34 


2008 Feb 13 


54509.3 


1.827 


8.66±0.58 


7.30±0.44 


2008 Feb 19 


54515.3 


1.830 


9.10±0.25 


8.49it0.19 


2008 Feb 26 


54522.3 


1.833 


9.48±0.37 


7.80±0.28 


2008 Feb 27 


54523.2 


1.833 


8.20±0.87 


6.99±0.65 


2008 Mar 1 


54526.2 


1.835 


10.06±0.69 


8.31±0.52 


2008 Mar 3 


54528.2 


1.836 


9.62±1.01 


7.81±0.74 


2008 Mar 7 


54532.3 


1.838 


8.28±0.65 


7.16±0.49 


2008 Mar 9 


54534.2 


1.839 


8.11±0.28 


7.19±0.21 


2008 Mar 15 


54540.2 


1.842 


9.30±0.48 


7.92±0.36 


2008 Mar 25 


54550.2 


1.847 


7.32±0.11 


6.43±0.09 


2008 Mar 30 


54555.1 


1.849 


9.56±0.52 


8.12±0.39 


2008 Apr 3 


54559.1 


1.851 


6.73±0.47 


6.37±0.36 


2008 Apr 14 


54570.1 


1.857 


9.84±0.61 


8.41±0.46 


2008 Apr 16 


54572.1 


1.858 


9.12±0.61 


7.95±0.46 


2008 Apr 22 


54578.1 


1.861 


7.40±0.18 


6.55±0.14 


2008 May 4 


54590.1 


1.867 


7.86±0.47 


7.54±0.36 


2008 May 11 


54597.1 


1.870 


8.14±0.18 


7.26±0.14 


2008 May 16 


54602.1 


1.873 


9.54±0.47 


8.44±0.35 


2008 Jun 22 


54639.0 


1.891 


8.56±0.24 


7.72±0.18 


2008 Jun 27 


54645.0 


1.894 


9.07±0.41 


8.04±0.31 


2008 Jul 3 


54651.0 


1.897 


9.24±0.24 


8.33±0.18 


2008 Jul 10 


54657.0 


1.900 


9.63±0.02 


8.62±0.01 


2008 Jul 13 


54661.0 


1.902 


8.72±0.61 


7.75±0.46 


2008 Nov 6 


54776.3 


1.959 


8.78±0.27 


8.32±0.20 


2008 Dec 4 


54804.3 


1.972 


9.17±0.26 


8.52it0.20 


2008 Dec 8 


54808.3 


1.974 


8.81±0.47 


8.36±0.36 


2008 Dec 15 


54815.3 


1.978 


9.52±0.15 


9.06±0.12 


2008 Dec 17 


54817.3 


1.979 


9.20±0.13 


9.01±0.09 


2008 Dec 22 


54822.4 


1.981 


8.78±0.12 


8.66±0.09 


2008 Dec 28 


54828.4 


1.984 


8.30±0.24 


8.36±0.18 


2009 Mar 8 


54898.1 


2.019 


6.37±0.28 


6.00±0.21 


2010 Jan 10 


55206.3 


2.171 


5.30±0.25 


4.58±0.19 


2010 Jan 21 


55217.3 


2.177 


5.72±0.11 


4.87±0.09 


2010 Apr 25 


55312.0 


2.223 


5.96±0.45 


4.46±0.33 


2010 Aug 2 


55411.0 


2.272 


5.65±1.44 


5.07±1.09 


2010 Oct 30 


55499.4 


2.316 


5.81±0.36 


4.47±0.27 


2010 Nov 11 


55511.4 


2.322 


4.41±3.34 


3.57±2.55 


2010 Nov 16 


55516.3 


2.324 


5.66±0.74 


4.48±0.56 


2011 Mar 6 


55626.2 


2.379 


5.90±0.64 


4.47±0.48 


2011 Apr 17 


55668.1 


2.399 


4.77±0.37 


4.40±0.28 


2011 Nov 30 


55895.3 


2.512 


4.29±0.01 


4.14±0.01 


2011 Dec 16 


55911.3 


2.520 


4.41±0.34 


4.10±0.27 


2011 Dec 19 


55914.3 


2.521 


4.83±0.46 


4.64±0.27 


2011 Dec 21 


55916.2 


2.522 


4.57±0.35 


3.69±0.27 


2011 Dec 28 


55923.2 


2.526 


5.44±0.21 


4.28±0.16 


2012 Jan 5 


55931.2 


2.530 


5.14±0.48 


4.54±0.27 
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Table 1 — Continued 



Name'' Date 
(UT) 


MJD 


Phase 


AA4B70-4600'= 

(A) 


AA4614-4648° 

(A) 


EWFOS4 

AA4670-4600'= 

(A) 


2012 Jan 17 


55943.4 


2.536 


4.76±0.19 


4.43±0.14 





Note. — 

^Mainly Fe Il/Cr II blends. 

''As listed on the Eta Carinae Treasury Project site at http://ctacar.umn.edu/. 
•^Integration range as description, continuum was set at AA4600-4610 and AA4740-4744 A. 
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Table 2 

Equivalent Widths of Ha and (1998-2012) 



Name'' 


Date 
(UT) 


MJD 


Phase 


(If 


EW^0^4 
[1) 


(A) 


(A) 










HST STIS 








c800 


1998 Jan 1 


50814.1 


0.000 


847.67±11.48 








c821 


1998 Mar 19 


50891.5 


0.038 


824.19±13.36 




30.79±1.01 




c890 


1998 Nov 25 


51142.2 


0.162 


887.71±15.39 








c914 


1999 Feb 21 


51230.5 


0.206 


873.64±9.57 




32.69±0.01 




cA20 


2000 Mar 13 


51616.5 


0.397 


814.91±48.81 








cA22 


2000 Mar 20 


51623.8 


0.400 


836.04±14.31 




31.79±0.38 




cA22 


2000 Mar 21 


51624.5 


0.401 


791.12±35.31 








cB29 


2001 Apr 17 


52016.8 


0.595 


763.89±7.94 




32.07±0.46 




cB75 


2001 Oct 1 


52183.2 


0.677 


828.76±11.14 




32.91±0.02 




cB90 


2001 Nov 27 


52240.1 


0.705 


859.09±11.27 








cC05 


2002 Jan 19 


52294.1 


0.732 


896.02±20.90 




35.45±0.22 




cC51 


2002 Jul 4 


52459.6 


0.813 


886.67±11.25 




35.31±0.35 




cC96 


2002 Dec 16 


52624.1 


0.895 


944.16±21.31 








cD12 


2003 Feb 12 


52683.0 


0.924 


936.87±18.63 




33.23±0.36 




cD24 


2003 Mar 29 


52727.2 


0.946 


851.55±14.13 




29.75±0.31 




cD34 


2003 May 5 


52764.3 


0.964 


741.85±11.66 




27.81±0.05 




cD37 


2003 May 17 


52776.4 


0.970 


716.10±10.06 








cD37 


2003 May 19 


52778.5 


0.971 


716.74±13.73 




27.74±0.01 




cD41 


2003 May 26 


52785.8 


0.975 


691.44±10.68 








cD41 


2003 Jun 1 


52791.6 


0.978 


672.51±13.12 




27.23±0.04 




cD47 


2003 Jun 22 


52812.2 


0.988 


569.05±5.52 








cD47 


2003 Jun 23 


52813.7 


0.988 


547.58±8.78 




24.24±0.77 




cD51 


2003 Jul 5 


52825.2 


0.994 


547.88±21.15 




23.26±1.87 




cD58 


2003 Jul 29 


52849.6 


1.006 


527.93±10.37 








cD58 


2003 Jul 31 


52852.1 


1.007 


524.79±15.08 




22.12±1.63 




cD72 


2003 Sep 22 


52904.4 


1.033 


599.94±7.27 




28.20±1.63 




cD88 


2003 Nov 17 


52960.6 


1.061 


682.24±9.31 




30.35±0.93 




cE18 


2004 Mar 7 


53071.3 


1.116 


802.45±7.17 




28.06±0.30 




cJ63 


2009 Aug 18 


55062.0 


2.100 


468.53±3.62 








cK16 


2010 Mar 3 


55258.6 


2.197 


495.75±5.86 








cK63 


2010 Aug 20 


55428.3 


2.281 


493.60±7.95 
















VLT UVES 








uC93 


2002 Dec 7 


52615.3 


0.890 


917.37±30.17 




24.19±0.23 




uC93 


2002 Dec 8 


52616.3 


0.891 




557.92±0.97 






uC95 


2002 Dec 12 


52620.3 


0.893 


926.76±30.50 




24.91±0.31 




uC98 


2002 Dec 26 


52634.3 


0.900 




558.57±5.43 




18.20±1.06 


uDOO 


2002 Dec 31 


52639.4 


0.902 




558.60±4.95 




18.73±0.95 


uDOO 


2003 Jan 3 


52642.3 


0.904 




559.62±3.76 




18.98±1.53 


uD05 


2003 Jan 19 


52658.3 


0.912 




590.53±5.76 






uD05 


2003 Jan 23 


52662.4 


0.914 




610.34±0.21 




19.58±0.67 


uD09 


2003 Feb 4 


52674.4 


0.920 




585.55±5.72 




19.07±0.87 


uD12 


2003 Feb 14 


52684.1 


0.924 


932.59±27.77 


577.99±0.37 


24.84±0.28 


18.29±0.78 


uD15 


2003 Feb 25 


52695.3 


0.930 




590.86±9.45 




19.23±0.71 


uD18 


2003 Mar 7 


52705.3 


0.935 




569.04±0.26 






uD18 


2003 Mar 12 


52710.0 


0.937 




571.14±8.47 




18.48±0.89 


uD33 


2003 Apr 30 


52759.1 


0.962 




506.91±1.56 




16.49±0.98 


uD33 


2003 May 5 


52765.0 


0.964 




502.40±1.31 




17.03±0.55 
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Table 2 — Continued 



Namc^ 


Date 

(IJT) 


MJD 


Phase 


Iln" 

(A) 


Hn" 

(A) 


II 

lA) 


(A) 


uD36 


2003 May 12 


52771.2 


0, 


,967 




503.97±1.44 




16, 


,87±0.54 


uD40 


2003 May 29 


52788.1 


0, 


.976 


715.23±25.60 


483.87±0.97 


20.54±0.05 


16, 


,59±0.92 


uD42 


2003 Jun 4 


52794.0 


0, 


.979 


700.51±22.36 


477.21±0.60 


20.20±0.07 


16, 


,90±0.89 


uD42 


2003 Jun 8 


52798.01 


0, 


.981 




481.12±0.13 




16, 


,85±0.86 


uD45 


2003 Jun 12 


52803.0 


0, 


.983 




481.89±1.94 




16, 


,83±0.85 


uD45 


2003 Jun 17 


52808.0 


0, 


.986 




475.60±0.51 




16, 


,42±1.02 


uD47 


2003 Jun 22 


52813.0 


0, 


.988 




467.47±0.99 




16. 


,29±0.64 


uD49 


2003 Jun 30 


52821.0 


0. 


.992 




449.68±1.29 




15. 


,86±1.13 


uD51 


2003 Jul 5 


52825.0 


0, 


.994 


548.32±17.48 


446.94±5.55 


16.02±1.66 


16. 


,20±1.07 


uD51 


2003 Jul 9 


52830.0 


0, 


.997 




447.45±0.72 




15. 


,72±1.15 


uD54 


2003 Jul 16 


52836.0 


1, 


.000 




457.06±3.25 




15. 


,37±1.10 


uD54 


2003 Jul 20 


52841.0 


1, 


.002 




430.21±5.55 




14. 


,95±1.46 


uD57 


2003 Jul 26 


52847.0 


1, 


.005 




436.51±7.31 








uD57 


2003 Jul 27 


52848.0 


1, 


.005 








15, 


,49±1.28 


uD57 


2003 Jul 31 


52852.0 


1, 


.007 




439.33±6.84 




15, 


,20±1.19 


uD90 


2003 Nov 25 


52968.3 


1, 


,065 




487.43±4.00 




20, 


,25±1.34 


uD96 


2003 Dec 17 


52990.3 


1, 


,076 




508.95±3.15 




20, 


,13±1.48 


uEOO 


2004 Jan 2 


53006.3 


1, 


,084 




546.26±6.21 




20, 


,69±1.31 


uE07 


2004 Jan 25 


53029.3 


1, 


,095 




567.36±2.95 




21, 


,09±1.38 


uE14 


2004 Feb 20 


53055.1 


1, 


,108 


855.81±24.21 


604.02±4.24 


27.20±0.48 


21, 


,52±1.41 


uE19 


2004 Marll 


53075.1 


1, 


,118 




644.83±14.56 




21, 


,13itl.02 


uE94 


2004 Dec 10 


53349.4 


1, 


,253 




540.65±2.77 




19, 


,46±0.81 


uF05 


2005 Jan 19 


53389.2 


1, 


,273 




538.42±1.78 




19, 


,51±0.82 


uF12 


2005 Feb 12 


53413.4 


1, 


,285 


693.55±16.05 




25.63±0.50 






uF17 


2005 Mar 2 


53431.3 


1, 


,294 




533.66±2.34 




19, 


,32±0.74 


uF21 


2005 Mar 19 


53448.1 


1, 


,302 


724.45±17.71 




26.91±0.71 






uG27 


2006 Apr 9 


53834.1 


1, 


.493 


704.31±18.31 




26.25±0.55 






uG36 


2006 May 11 


53866.01 


1, 


.509 




535.39±2.66 




19, 


,14±1.00 


uG43 


2006 Jun 8 


53894.0 


1, 


.522 


741.38±14.13 




26.88±0.46 






uG48 


2006 Jun 26 


53912.04 


1, 


.531 




580.11±3.58 




21, 


,26±0.88 


uI02 


2008 Jan 10 


54475.3 


1, 


.810 


806.36±17.96 


619.01±2.24 


26.99±1.11 






uI13 


2008 Feb 17 


54513.3 


1, 


.829 


784.58±14.67 


580.60±1.50 


27.00±1.01 


19, 


,23±0.55 


uI14 


2008 Feb 21 


54517.2 


1, 


.831 


814.82±82.18 










uI19 


2008 Mar 10 


54535.3 


1, 


,839 


769.93±16.99 


615.62±1.37 


26.58±0.65 






uI24 


2008 Mar 29 


54554.3 


1, 


,849 


822.03±18.81 


600.54±1.09 


28.51±0.97 


20, 


,75±0.50 


uI28 


2008 Apr 11 


54567.0 


1, 


,855 


827.23±19.37 


618.10±1.04 


27.14±0.70 


20, 


,78±0.56 


uI32 


2008 Apr 27 


54583.0 


1, 


,863 


780.82±16.50 


591.73±9.99 


26.36±0.60 


19, 


,43±0.61 


uI36 


2008 May 12 


54599.0 


1, 


,871 


794.97±14.78 


599.38±0.58 


26.40±0.68 


19, 


,20±0.66 


uI41 


2008 May 28 


54615.0 


1, 


,879 






25.37±0.45 






uI41 


2008 May 30 


54616.0 


1, 


,879 


819.87±17.26 


629.67dz2.72 


25.49±0.53 


20, 


,12±0.17 


uI41 


2008 May 31 


54617.1 


1, 


,880 


825.33±20.18 


631.87±2.33 


25.50±0.47 


19, 


,47±0.58 


uI44 


2008 Jun 11 


54629.0 


1, 


,886 


809.55±17.82 


608.96±0.47 


25.04±0.37 


19, 


,11±0.67 


uI52 


2008 Jul 9 


54656.0 


1, 


,899 


794.27±19.01 


608.44±1.61 


24.14±0.47 


19, 


,27±0.20 


uI52 


2008 Jul 10 


54657.04 


1, 


,900 




599.91±.78 




18, 


,43±0.54 


uJ03 


2009 Jan 10 


54841.4 


1, 


.991 


481.47±12.15 




16.38±0.68 






uJ07 


2009 Jan 25 


54856.19 


1, 


.998 




491.19±4.23 




17, 


,11±1.08 


uJlO 


2009 Feb 5 


54867.2 


2, 


.004 


494.66±15.37 




15.77±1.33 






uJ13 


2009 Feb 19 


54881.0 


2, 


.010 




640.94±13.69 
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(UT) 


MJD 


r'^nase 


Hi vv 1 Ei vv 1 

(A) (A) 


(A) 


PTVFOS4 

(A) 


11 T1 A 


onnn r?^, k on 
zUUy rCD zU 


QQO O 
0400Z.Z 


ni 1 
Z.Ull 


ACiT fiA-i-T OK 




1 '7 noj_n cn 

1 ( .uydiu.ou 




onno A 1-11- o 
zUUy Apl z 


o4yzo.z 


nQi 
Z.Uol 


A c;o "VO-LO ni 
4oy. / Ziby.Ul 


1 c; CI _Ln OQ 
lO.OlitU.Zo 


1 ( .uoztu.yo 


UJol 


zuuy /ipr ZD 


04y4D. 1 


9 n/i 


AH^ AA-\-Q c;q 


1 fi An-Un Qn 
ID.OUitU.oU 


1 nj^-un 0/1 
lo.UD1tU.y4 


UJ4D 


onno Tiivi 1 v 
zuuy J un 1 1 


o4yyy . 1 


9 ni=;o 

z.uoy 




1 fi Ofi-Un c;9 
ID.yDltU.OZ 


1 Q _i_n O/i 
lo.D4itU.y4 


uJou 


onno Tiin Qn 
zUUy Jun oU 


OoUlo.U 


n7fi 

Z.U ( D 




10. y ( itU.oD 


1 Q 7Q_Ln A 

lo. ( oitU.4y 


11 Tc^n 

UJOU 


onno Till 1 
zuuy Jul 1 


f^c^m A n 

OOU14.U 


9 n7fi 
Z.U ( D 




lO.DZitU.o / 


lo.oOltU.ol 


UJoU 


onno Till o 

zuuy Jul z 


c;ni A n 
OOU14.U 


r\'7'7 
Z.U/ t 




lD.0UitU.4v5 


1 7 fin_Ln DO 
1 / .bUitU.oZ 


uJoi 


onnn Tni c: 

zuuy Jul o 


OOUio.O 


nTQ 
Z.U its 




1 A ni -un o7 
i4.yiztU.z / 


1 Q c;Qj_n Tn 
lo.OoitU. / 










Gemim (jMUb 






gH45 


2UU7 Jun lo 


54267.1 


1.707 




25.y7±0.48 




gH45 


2007 Jun 17 


54269.0 


1.708 




26.3642875 0.31 




gH49 


2007 Jun 29 


54281.0 


1.714 


d04.3d±0.15 ■ • ■ 






gill 


zUUo reb 11 


54507.4 




26.14±0.31 17.00±1.35 






gill 


2000 beo lo 


54509.2 


1.827 


557.cJ0±2.09 






gI50 


200o Jul 4 


54652.0 


1.897 


5o4.ozibl.417 






gI54 


zuUo Jul 17 


54664.0 


1.903 




O /I /I T 1 n OO 

z4.47±U.zo 




gI54 


onno Till 1 o 
zUUo Jul lo 


o4doo.U 


1.904 




o /I e; /I _Ln on 
Z4.o4±U.oU 


lo.o4±U.D0 


gI85 


onno "\T „ o 

2(JUo INov 8 


o477o.o 


1.960 


cr T cr 1 cr /I on 

ool.OD±54.8y 




1 n 00 1 *T7 

19. zo±z. 27 


giyu 


9008 l\Tn^r 97 
ZUUo INOV Z/ 


0"^: i y i .O 


1 .yoy 


f^OS 1 9-1-1 7 QA 

• ■ • ouo. izmi ( .if^L 


Zo.oOltU.DO 


1 Q7-I-1 1 e 

ID.O / It 1 . lo 


giyo 


OOOS r^lnr- 1 S 
ZUUO UCC To 


O'iOlO.O 


1 070 

1 . y / y 


■ ■ • OUU.UDmu.OO 


Zl. / omu.oo 


1 7 Qn_|_n C7 
1 / .oUitu.D / 


giy» 


onnQ r^,^^, oc^ 
ZUUo Ucc zo 


040Z0.O 


T OQQ 

l.yoo 


/I ni 1 _Li n t a 
• • • 4yi.0l1tlU.i4 




17/11 -un c;o 

1 / .4iitu.oy 


giyy 


900S Dor "^1 


O'-tOO ± .o 


1.986 


"^07 '^'^-1-'^'^ '^1 
OU 1 .00^00. ox 


90 1 9-1-0 94 


lU .lO^U . uo 


re Tm 
gJUi 


onoo Tdri /I 
zuuy J an 4 


04000.0 


l.yoo 


A 70 1 Q _l_ 7 T'O 

4 / y . loit / . ( y 


1 O Q 1 -UO 1 O 

ly.oiitu.iu 


1 (i C7_|_n 71 

10.0 / itU. i 1 


rr TnO 
gJU2 


onoo To»^ o 
zuuy J an y 


04o4U.Z 


T oon 
i.yyu 


/1 7/1 ns-UT 1 90 
• • • 4 i 4.uoiti 1 .zy 


1 / .OOltU.Oo 


1 1 fi_i_n 01 
10. loitU.yi 


gj 


OOOO Tnn io 

zuuy jan iz 


04o4o.o 


1 000 
i.yyz 


A 79 m -US 91 
• • • 4 ( Z.UlZtO.Zl 


1 ofi-U 1 no 
lo.uoit i.uy 


1 C/1 _i_n 00 
io.o4itu.yy 


gJ U4 


OOOO Ton 1 

zuuy jan lo 


QAfi O 
04o4D.Z 


1 00 Q 
i.yyo 


40o.yOltZ0.40 


1 c 07_|_l OC 

io.y ( iti.zo 


1 K o7-i-n Cif^ 
10. y / itu.yo 


„ Trie; 
gJU5 


onnn t oi 
zuuy Jan zl 


K/l oco Q 


i.yyo 


A acx nQ_L7 A A 
4DU.yoit r .44 


1 7 7Q_L1 0/1 
Li .1 Olti.z4 


1 fi A A-i-t OQ 
lD.44lti.Zo 


IT ICld. 

gJUD 


zuuy Jan Z4: 


04o00.0 


i.yyo 


A fid Q'7-\-A SJO 


1 Q 9/1J_1 91 
io.Z4ltl.Zl 


1 fi /in_i_i on 
lD.4Ulti.ZU 




2009 Tan 2Q 


54860 8 


2.000 


457 18+10 59 


17 86+1 17 


15.25+1.11 


gjuy 


900Q TTdV* 


O'loO / .z 


9 CiCiA 


Afi(^ 91 -1-1 

• • • 'lOU.Zi^lO.OO 


1 fi 1 4-1-1 1 ■=» 

lO. X^^l . xo 


1 ^ A^i-\-(^ «i 




zuuy reu ly 


04ool.Z 


9 01 
Z.UiU 


AdA '7A-\-Q 
404. / 4lto. 00 


iO.oZitl.Uo 


1 fi 1 o_i_i nc 
lO.lZiti.Uo 


gJ20 


2009 Mar 17 


54907.3 


2.023 




16.19±0.23 




gJ32 


2009 Apr 28 


54949.1 


2.044 


483.66±7.57 


17.48±0.23 


17.6±1.19 


gJ56 


2009 Jul 23 


55036.0 


2.087 


489.75±15.67 


17.99±0.10 




gK02 


2010 Jan 8 


55204.4 


2.170 


527.29±1.43 


18.27±0.21 




gK05 


2010 Jan 20 


55216.3 


2.176 


523.09±0.18 ••• 














Magellan 11 MIKE 








2010 Jun 4 


55351.9 


2.243 




18.76±0.08 






2010 Jun 5 


55353.5 


2.244 


515.41±15.10 


18.89±0.30 












Irenee du Pont B&C 








2011 Feb 25 


55629.2 


2.381 




21.57±0.37 


19.10±0.52 




2011 Feb 26 


55630.7 


2.381 


499.02±97.38 








2011 Jun 8 


55721.0 


2.426 




19.30±0.66 


18.29±1.84 




2011 Jun 9 


55722.0 


2.426 


604.56itl3.51 652.31±22.73 








2011 Dec 5 


55900.3 


2.514 




19.47±1.22 


17.26±1.53 




2011 Dec 6 


55901.3 


2.515 


588.08±41.49 525.15±20.44 














1.5 m CTIO RC 








2004 Jun 22 


53178.1 


1.169 




24.08±0.42 





39 



Table 2 — Continued 



Namc^ Date 




i liasc 


tj VV <- " ' 
II n" 


tpwtFC) S4: TT-wrStar 
II 


t?\\tFOSA 
II 








(A) 


lAj [\) 


(A) 


2004 Nov 6 


53315.4 


1.236 




23.91±0.91 




2004 Nov 17 


53326.3 


1.242 




24.82±0.84 




2004 Nov 18 


53327.4 


1.242 




24.95±0.66 




2004 Nov 19 


53328.3 


1.243 




24.57±0.73 




2004 Nov 20 


53329.3 


1.243 




25.08±0.91 




2004 Nov 22 


53331.3 


1.244 




24.60±0.93 




2004 Dec 2 


53341.3 


1.249 




26.89±0.98 




2004 Dec 19 


53358.4 


1.258 




26.57±1.34 




2005 Jan 2 


53372.3 


1.265 




25.37±0.81 




2005 Jan 3 


53373.4 


1.265 




25.39±1.42 




2005 Jan 13 


53383.4 


1.270 




25.19±0.80 




2005 Jan 14 


53384.2 


1.271 




25.09±0.92 




2005 Jan 15 


53385.3 


1.271 




24.29±0.67 




2005 Jan 17 


53387.3 


1.272 


690.88±16.21 






2005 Jan 28 


53398.3 


1.277 




24.35±0.82 




2005 Jan 29 


53399.3 


1.278 




24.06±0.82 




2005 Jan 31 


53401.3 


1.279 


680.26±17.57 






2005 Feb 9 


53410.4 


1.283 




25.51±0.89 




2005 Feb 10 


53411.4 


1.284 




24.87±0.94 




2005 Mar 25 


53454.1 


1.305 




28.19±1.18 




2005 Mar 26 


53455.2 


1.306 




25.58±0.40 




2005 May 6 


53496.1 


1.326 




27.11±0.93 




2005 Jun 4 


53525.1 


1.340 




27.06±0.91 




2005 Jul 28 


53580.0 


1.367 




26.22±0.81 




2005 Jul 30 


53582.0 


1.368 




26.00±0.80 




2005 Nov 10 


53684.4 


1.419 




25.15±0.82 




2005 Nov 11 


53685.4 


1.419 




25.77±1.02 




2005 Nov 13 


53687.3 


1.420 




24.97±0.47 




2005 Nov 24 


53698.4 


1.426 




25.27±0.84 




2005 Nov 26 


53700.4 


1.427 




27.36±1.00 




2005 Nov 27 


53701.3 


1.427 




26.83±1.02 




2005 Dec 7 


53711.3 


1.432 




25.30±1.10 




2006 Jan 11 


53746.3 


1.449 




24.54±0.83 




2006 Jan 16 


53751.2 


1.452 




25.40±0.86 




2006 Jan 19 


53754.3 


1.453 




24.79±0.92 




2006 Jan 29 


53764.2 


1.458 




25.73±0.93 




2006 Jan 31 


53766.2 


1.4-59 




26.24±0.96 




2006 Feb 2 


53768.2 


1.460 


619.25±13.44 






2006 Mar 14 


53808.1 


1.480 




25.60±0.81 




2006 Mar 15 


53809.2 


1.481 


672.20±15.56 






2006 Mar 16 


53810.1 


1.481 




25.31±0.96 




2006 Mar 19 


53813.1 


1.482 


662.69±16.13 






2006 Mar 20 


53814.2 


1.483 




24.44±1.22 




2006 Apr 7 


53832.1 


1.492 




25.84±0.79 




2006 Jun 3 


53889.9 


1.520 




26.65±0.68 




2006 Aug 10 


53958.0 


1.554 




26.70±0.62 




2006 Aug 12 


53960.0 


1.555 




25.93±0.95 




2006 Oct 9 


54017.4 


1.583 




27.52±1.39 
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Namc^ Date 




i liasc 


T?\'MStar 
tj vV , 

(A) 


t?wtF0 S4: T7\li7Star 

Hn" ^"-^ 

lA) (\) 


^7\7^7FOS4: 

(A) 


2006 Oct 11 


54019.4 


1.584 




27.13±1.28 




2006 Oct 12 


54020.4 


1.585 


816.89±18.85 






2006 Oct 13 


54021.4 


1.585 




24.71±0.47 




2006 Oct 16 


54024.4 


1.587 




28.00±0.96 




2006 Dec 2 


54071.3 


1.610 




26.91±0.99 




2006 Dec 4 


54073.3 


1.611 




26.76±0.89 




2006 Dec 12 


54081.4 


1.615 




24.65±0.69 




2006 Dec 14 


54083.4 


1.616 




23.61±0.43 




2006 Dec 17 


54086.2 


1.618 




26.17±1.07 




2006 Dec 21 


54090.3 


1.620 




26.53±1.03 




2006 Dec 23 


54092.3 


1.621 




24.16±0.52 




2007 Jan 18 


54118.3 


1.633 




27.30±1.28 




2007 Jan 30 


54130.4 


1.639 




27.94±0.85 




2007 Feb 1 


54132.2 


1.640 




26.92±1.51 




2007 Feb 3 


54134.3 


1.641 




24.85±0.27 




2007 Feb 5 


54136.1 


1.642 




27.89±1.09 




2007 Feb 7 


54138.1 


1.643 




24.57±0.22 




2007 Feb 9 


54140.2 


1.644 




27.20±1.15 




2007 Feb 12 


54143.2 


1.646 




27.02±0.92 




2007 Feb 14 


54145.1 


1.647 




27.20±0.76 




2007 Feb 18 


54149.1 


1.649 




23.98±0.28 




2007 Mar 31 


54190.1 


1.669 




26.51±0.74 




2007 Apr 7 


54197.1 


1.672 


859.88±16.11 






2007 Apr 12 


54202.1 


1.675 




26.46±0.94 




2007 Apr 19 


54209.2 


1.678 


733.62±69.01 






2007 Jun 21 


54272.9 


1.710 




25.90±0.88 




2007 Jun 26 


54278.0 


1.712 


779.16±16.16 






2007 Jun 27 


54279.0 


1.713 




25.35±1.58 




2007 Jun 29 


54281.0 


1.714 


838.81±24.54 






2007 Jul 2 


54283.9 


1.715 


782.43±13.82 






000*7 Till 10 

zUU t Jul iU 


K/IOOO o 


1 71 n 

1. * iy 


Qon a AQ 
c5Uy.0DitiO.4<5 






2007 Jul 18 


54300.0 


1.723 




25.75±1.03 




2007 Jul 25 


54306.0 


1.726 




23.87±1.03 




2007 Jul 28 


54310.0 


1.728 




26.84±1.11 




2008 Feb 8 


54504.3 


1.824 




24.77±1.30 




2008 Feb 13 


54509.3 


1.827 




25.06±0.98 




2008 Feb 19 


54515.3 


1.830 




25.90±1.35 




2008 Feb 26 


54522.3 


1.833 




25.98±1.00 




2008 Feb 27 


54523.2 


1.833 




23.92±0.81 




2008 Mar 1 


54526.2 


1.835 




25.57±1.31 




2008 Mar 3 


54528.2 


1.836 




26.24±0.81 




2008 Mar 7 


54532.3 


1.838 




25.06±1.14 




2008 Mar 9 


54534.2 


1.839 




25.96±0.83 




2008 Mar 15 


54540.2 


1.842 




27.94±0.81 




2008 Mar 25 


54550.2 


1.847 




24.75±0.83 




2008 Mar 30 


54555.1 


1.849 




28.42±1.06 




2008 Apr 3 


54559.1 


1.851 




23.38±0.56 




2008 Apr 14 


54570.1 


1.857 




27.13±1.09 
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Name Date 
(UT) 


MJJJ 


Phase 


T-^-WjStar t;^\\tFOS4 T^w/Star 
He,'' He,'' 

(A) (A) (A) 


^^Hi'' 

(A) 


zUUo Apr Id 


54572.1 


1.858 


or* o 1 n o 1 

26.63±U.81 




2008 Apr 22 


54578.1 


1.861 


23. 87±0. 59 




2008 May 4 


54590.1 


1.867 


23. 8d±0. 29 




2008 May 1 1 


54597.1 


1.870 


24.89±0.59 




2008 May 16 


54602.1 


1.873 


2d.87±1.02 




2008 Jun 22 


54639.0 


1.891 


25.03±0.61 




2008 Jun 27 


54645.0 


1.894 


25.68±0.84 




2008 Jul S 


54651.0 


1.897 


23. 89±0. 67 




2008 Jul 10 


54657.0 


1.900 


OCT r\i 1 1 r\Q 

25.01±1.03 




2008 Jul 13 


54661.0 


1.902 


24.60±0.50 




2008 Nov 6 


54776.3 


1.959 


24.07±1.21 




2008 Dec 4 


^ A orv A *i 

54804.3 


1.972 


22.4d±0.92 




2008 Uec 8 


54808.3 


1.974 


23. 41±0. 79 




2008 Ucc 15 


54815.3 


1.978 


22. 97±1. 34 




zOvo Dec 17 


54817.3 


1.979 


oo CT r\ 1 1 oo 

• • • • • ■ ZZ.5U±i.Z2 




2008 Ucc 22 


54822.4 


1.981 


20.97±1.10 




2008 Dec 28 


54828.4 


1.984 


20.09±0.67 




2009 Mar 8 


54898.1 


2.019 


16.21±0.02 




2010 Jan 10 


55206.3 


2.171 


19.69±0.80 




2010 Jan 21 


55217.3 


2.177 


20.75±0.79 




2010 Apr 25 


55312.0 


2.223 


21.47±0.56 




2010 Oct 30 


55499.38 


2.316 


20.81±1.14 




2010 Nov 11 


55511.36 


2.322 


17.13±2.29 




2010 Nov 16 


55516.3 


2.324 


20.76±1.23 




2011 Mar 6 


55626.2 


2.379 


22.43±1.05 




2011 Apr 17 


55668.1 


2.399 


20.76±1.10 




2011 Nov 14 


55879.4 


2.504 


21.23±1.06 




2011 Nov 30 


55895.3 


2.512 


22.16±1.00 




2011 Dec 16 


55911.3 


2.520 


20.68±0.91 




2011 Dec 19 


55914.3 


2.521 


21.02±1.01 




2011 Dec 21 


55916.2 


2.522 


20.93±0.93 




2011 Dec 23 


55918.4 


2.523 


526.45±25.27 




2011 Dec 28 


55923.2 


2.526 


21.64±1.01 




2011 Dec 31 


55926.3 


2.527 


18.79±3.02 




2012 Jan 5 


55931.2 


2.530 


20.59±1.19 




2012 Jan 17 


55943.4 


2.536 


22.22±0.95 





Note. — 

''As listed on the Eta Carinafi Treasury Project site at http://etacaj:.umn.edu/. 
^Tntegration between AA6520-6620, continuum at AA6500-6510 and AA6640-6645. 
^Integration between AA4085-4115, continuum at AA4077-4078 and AA4155-4160. 
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